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Abstract: Despite considerable interest in heteroatom-
containing conjugated polymers, there are only few
examples with heavier p-block elements in the conjuga-
tion path. The recently reported heavier acyclic diene
metathesis (HADMET) allowed for the synthesis of a
polymer containing Ge=Ge double bonds—albeit in-
soluble and with limited degree of polymerization. By
incorporation of long alkyl chains, we now obtained
soluble representatives, which exhibit degrees of poly-
merization near infinity according to diffusion-ordered
NMR spectroscopy (DOSY) and dynamic light scatter-
ing (DLS). UV/Vis and NMR data confirm the presence
of o,m-conjugation across the silylene-phenylene linkers
between the Ge=Ge double bonds. Favorable intermo-
lecular dispersion interactions lead to ladder-like cylin-
drical assemblies as confirmed by X-ray diffraction
(XRD), small angle X-ray scattering (SAXS) and DLS.
AFM and TEM images of deposited thin films reveal
lamellar ordering of extended polymer bundles. )
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Introduction

Polymers exhibit considerable advantages compared to
many other materials such as high flexibility, light weight,
low cost, low toxicity, and facile processability and handling.
They are used in various applications, e.g. food conserva-
tion, clothes, furniture, encapsulation, membranes, medical
implants, and many more.! Conjugated polymers are
extensively applied in commercial electronic devices” and
some even outperform silicon and germanium as
semiconductors.” Bulk conducting polymers can be tuned
by alteration of the chemical composition: the incorporation
of heteroelements, for instance, is essential to the indirect
alteration of the band gap through secondary effects without
incorporation into the conjugation path. As a technology-
critical semiconductor,! germanium is frequently employed
in this context.

The availability of a variety of stable unsaturated
compounds of the heavier p-block elements, inspired new
avenues in the design of conjugated systems. The heavy
analogues of alkenes exhibit distinct properties due to
differences in the topological and electronic structures: the
Ge=Ge double bond motif, in stark contrast to the colorless
alkenes, absorbs in the visible range in line with the
inherently small HOMO-LUMO gap. The entire range of
the visible spectrum can be addressed by changing the
substituents: while most aryl and alkyl substituted diger-
menes are bright yellow,” variable red-shifts can be
achieved by B, Si, Ge and P substitution of the Ge=Ge
bond® ! or its incorporation into cyclic motifs.-'? Heavier
alkenes with residual functionality allow for the incorpora-
tion of unsaturated bonding motifs into extended systems.!'’!
In particular, the nucleophilic heavier analogues of vinyl
anions™**! have paved the way for the synthesis of
arylene-bridged group 14 oligomers with element-element
or element-carbon double bonds in the conjugation
path.[10,14,16—20]

Unsaturated motifs of heavier p-block elements in the
repeat unit of conjugated polymers exert a direct influence
on the band gap, but only a handful of such compounds are
known®! due to the inherent preparative challenges asso-
ciated to heavier main group multiple bonding: typically,
meticulous exclusion of air and water is a must to prevent
the otherwise facile hydrolysis of the unsaturated motif.
Bulky substituents are also required to kinetically stabilize
the compounds against secondary intermolecular reactions.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Pioneering work by the groups of Gates and Protasie-
wicz on poly(phosphaalkene)s such as I with P=C bonds in
the conjugation path and polymerization degrees of X,=4.5
to 217 was soon complemented by the isolation of a
poly(diphosphene) II with P=P bonds and X,=5.8
(Scheme 1).2 In contrast, the only examples in case of
group 14 had been the short oligo(disilene)s I (X,=2 to
3)1 until our recent report on the heavier acyclic diene
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Scheme 1. Reported polymers containing heavier p-block multiple
bonds: bridged poly(phosphaalkene) 1,%%% poly(diphosphene) Il

(Mes =2,4,6-trimethylphenyl),” disilene oligomers 11"
(Ar=1,1,3,3,5,5,7,7-octaethyl-s-hydrindacen-4-yl) and poly(digermene)
IV (Tip=2,4,6-triisopropylphenyl).l""
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metathesis (HADMET) of a phenylene bridged
bis(digermene). The HADMET process results in polymer
IV with Ge=Ge repeat units in the pathway of a o,n-
conjugated system.'”) Although the degree of polymeriza-
tion X, of IV between 21 and 31 (depending on the method)
is competitive with the P=C and P=P containing materials,
its insolubility in all common organic solvents prevented a
comprehensive analysis and—even more importantly —was
assumed to be the limiting factor during chain growth. We
now report on the synthesis of modified heavier acyclic
dienes with solubility-increasing alkyl chains at silicon or
nitrogen. Their polymerization by the HADMET procedure
yields soluble rod-like polymers with essentially unlimited
chain lengths. The increased solubility enables the full
characterization of these Ge=Ge containing o,n-conjugated
polymers and their deposition as thin films with noteworthy
patterns of lamellar bundles.

Results and Discussion

In order to modify the linking unit between the Ge=Ge
moieties for higher solubility, we envisaged the incorpora-
tion of longer alkyl chains at either the silylene spacers or at
the pending amino groups. Methyloctyl substituted chlorosi-
lane 1a was synthesized in an analogous manner to the
published  precursor synthesis!'” by using meth-
yloctyldichlorosilane instead of Me,SiCl, (Figure 1a). Crys-
tallization from a hexane solution yields 62% of the
corresponding bis(chlorosilyl)benzene as a diastereomeric
mixture (dr=1:1) according to heteronuclear NMR spectro-
scopy and in agreement with the presence of two stereogenic
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Figure 1. a) Synthesis of bis(chlorosilyl) linkers 1a—c and substitution reactions with a lithium digermenide to bis(digermene)s 2a—c (1a,2a:
R=Me, R'=Oct, 1b,2b: R=Hex, R=Me, 1c¢,2c:") R=R'=Me). b) Adjacent molecules in the single crystal X-ray structures of bis (digermene)

monomers 2a (left) and 2b (right).
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centers at the silicon atoms. X-ray analysis of a colorless
crystal reveals the structure of the meso-form (for details see
Supporting Information).

For adaption of the amino groups, hexyl chains were
attached to the nitrogen atoms in an earlier step of the
linker synthesis (see Supporting Information). The achiral
bis(chlorosilyl) linker 1b with dihexylamino groups was
obtained by reaction of the dilithiated precursor with
Me,SiCl, as colorless crystals in 75 % yield (Figure 1a).

Both, 1a and 1b, proved indeed suitable for twofold
incorporation of the Ge=Ge moiety by treatment with
lithium digermenide Tip,Ge=GeTip(Li-dme,) affording
bis(digermene)s 2a,b as yellow crystals in isolated yields of
48 % and 61 %, respectively (Figure 1a). The increased steric
demand in 2ab compared to Si,Si,N,N-tetramethyl substi-
tuted 2¢!'” requires longer reaction times of 48h. The
incorporation of two longer alkyl chains at silicon com-
pletely suppresses the formation of the bis(digermene).

In the synthesis of bis(digermene) 2a, the diastereomeric
ratio of the precursor 1a is retained in the reaction mixture
(dr=1:1). In crystallized samples of 2a, however, the meso-
isomer is enriched to a ratio of dr=1:7 as determined by
the intensity of the *Si NMR signals at 7.28 (rac) and
7.12 ppm (meso). The 'H and “C NMR spectra of the two
bis(digermene)s show similar shifts as those of previously
reported silyl-substituted aryldigermenes.®1*!' 'H NMR
spectroscopy reveals characteristically downfield shifted
singlets due to the protons at the phenylene linker each at
8.28 (2a) and 8.36 ppm (2b).

X-ray diffraction on single crystals obtained from
saturated solutions (2a: hexane, RT; 2b: Et,0, —23°C)
confirm the molecular structures of 2a and 2b in the solid
state (Figures 1b and S30, S31 in Supporting Information).
The Ge—Ge distances of 2.2923(5) A (2a) and 2.2742(5)/
2.2972(9) A (2b) are slightly shorter than the Ge=Ge double
bond lengths in the Si,5i,N,N-tetramethyl derivative 2¢
(23038 A)'  and in  asymmetrically  substituted
Tip,Ge=GeTip(SiPh;) (2.3279 A),"'Y but fit quite well the
corresponding distances in tetrakis(trialkylsilyl)substituted
digermenes (2.266-2.298 A).'"”l The substituents at the
double bonds are more or less frans-bent and twisted as
common for digermenes, a manifestation of the shallow
bending potential at the heavier double bonds.™® The
values for the frans-bent angle 6 vary between 15.7(1)° and
35.5(1)°, for the twisting angle 7 between 17.9(1)° and
21.8(1)°.

UV/Vis spectra of both bis(digermene) monomers 2a,b
exhibit the longest wavelength absorption at 431 nm, in the
range of n—n* transitions of the Ge=Ge double bonds in
aryl and silyl digermenes (406 to 438 nm),72¢810.12423] hence
confirming the integrity of the double bond in solution. The
high extinction coefficients of e=27800 (2a) and
33400 Lmol ‘cm™ (2b) are in line with the large absorption
cross sections typical of conjugated systems, notably also in
hyperconjugated silyl-substituted systems.”**”! The presence
of o,n-conjugation in 2a,b is confirmed by DFT calculations
at the BP86-D3(BJ)/def2-SVP level of theory (Figure 2): the
n-orbitals of the Ge=Ge double bonds are represented by
in-phase and out-of-phase combinations of both Ge-Ge
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Figure 2. Selected frontier orbitals of bis(digermene) monomer 2a
(contour value 0.036). Hydrogen atoms omitted for clarity.

bonds, with visible mutual o*-contributions, separated by as
much as 0.11 eV (2a) and 0.13 eV (2b). The corresponding
unoccupied n*-orbitals are equally non-degenerate, albeit
with smaller separations of 0.03 and 0.08 eV, respectively.
The LUMO +2, located mainly at the aniline linker, exhibit
contributions from the o*-orbitals at the silicon atoms in the
conjugation path as well (see Supporting Information).

With these bridged digermenes as monomers in hand,
we attempted the HADMET polymerization to the corre-
sponding Ge=Ge-containing polymers (Scheme 2). Heating
of 2a,b in solution led to the elimination of Tip,Ge=GeTip,
according to "H NMR monitoring. The appearance of broad
signals in the 'H, “C and *Si NMR spectra suggested the
formation of the targeted polymers and the sharp signals of
the molecular starting materials decrease in intensity.
Polymerization of octyl-substituted monomer 2a is observed
at 65°C in benzene just as it had been in the case of the
previously reported Si,Si,N,N-tetramethyl derivative 2¢.['"!
The hexylamino derivative 2b requires heating to 105°C in
toluene despite the sterically less demanding environment of
the Ge=Ge units. The additional stabilization is most likely
due to favorable dispersion interactions between the Tip
groups and the alkyl chains, which are increased in the
presence of four instead of two long alkyl chains.

For a first estimation of the degree of polymerization X,
the progress of the step-growth polymerization was moni-
tored by integration of a characteristic 'H NMR signal of the
concomitantly formed by-product Tip,Ge=GeTip,.'""! Ac-
cording to Carother’s X, =(1—p)~' correlation between the
number-average degree of polymerization X, and the
conversion p of a bifunctional monomer in a condensation
polymerization, X, =25 for p =96 %." This is achieved after
44h in the case of the previously reported Si,Si,N,N-
tetramethyl substituted derivative IV whose further poly-
merization is prevented by its low solubility.!""!
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Scheme 2. HADMET polymerization of bis(digermene) monomers 2a—c
yielding soluble poly(digermene)s 3a,b and previously reported
insoluble IV and reaction of bis(digermene) monomers 2a—c with N-
heterocyclic carbene 1,3-diisopropylimidazol-4,5-dimethyl-2-ylidene
(Me,IPr) providing NHC-bis(germylene) adducts 5a—c and
Tip,Ge—NHC.

As expected, the alkylated derivatives indeed exhibit a
much higher solubility (vide infra) so that long polymer
chains still remain available for further step-growth. In these
cases, 96 % conversion and hence X,=25 is achieved after
18 h (2a) and 19h (2b) while the "H NMR signals of the
monomers have completely disappeared after 40 h (Fig-
ure S53, Supporting Information). In view of the exponential
increase of X, in step-growth polymerization,'*®3" con-
firmed by plotting X, over the reaction time (see Supporting
Information), the degree of polymerization of the soluble
digermene polymers 3a,b must be substantially higher than
25. The inherently large standard deviation close to full
conversion (with X, approaching infinity) is prohibitive
regarding an exact value for X, based on this method.

Despite the high solubility in hydrocarbon and etheric
solvents, separation of the polymers 3ab from the
Tip,Ge=GeTip, by-product is possible by precipitation with
acetonitrile from a toluene solution at room temperature
(3a) and —55°C (3b; for details see Supporting Informa-
tion). As typical for dissolving polymers,?'! it takes about a
day (depending on the desired concentration) at room
temperature to obtain slightly viscous yellow solutions of
poly(digermenes) 3ab in different solvents. Most of the
broad peaks in the solution 'HNMR spectra (Figure 3)
appear at similar shifts as those of the corresponding
monomers. Apart from the polymer broadening of the
resonances, the main difference between the 'H NMR
spectra of 3a,b and of the monomers 2a,b is the significant
highfield shift of the resonances of the phenylene linkers by
about 1ppm (2a: 8.28, 2b: 8.36, 3a: 7.3, 3b: 7.4 ppm).
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Figure 3. "H NMR spectra of 76 gL' C¢D; solutions of
poly(digermene)s 3a (top) and 3b (bottom), corresponding to repeat
unit concentrations of c¢(3a) =74 and c(3b) =68 molL™". Given a
detection limit of 50 pM, the absence of Tip,Ge end group signals
suggests minimum degrees of polymerizations of 1400.

et
o)

Considering that the metathetic elimination of the diary-
lgermylene fragment GeTip, and its replacement by the Si-
bonded germylene terminus of the polymer chain is sepa-
rated from the phenylene hydrogen atoms by no less than
five bonds, the pronounced shielding is a clear indication of
a conjugation effect across the polymer chain, namely o,n-
conjugation involving c*-orbitals at the silylene linkers. The
donation of electron density to the Si centers receives
further support from the *Si NMR resonances of both
polymers, which are upfield shifted by 8.0 to 10 ppm
compared to the corresponding monomer resonances (2a:
7.28,7.12; 2b: 7.19; 3a: —0.91; 3b: —2.76 ppm).

The NMe, and SiMe proton resonances of the Si-
octylated derivative 3a exhibit small shoulders, which are
tentatively attributed to the presence of different diaster-
eomers of the polymer owing to the stereogenic centers at
the silicon atoms. Integration of all peaks agrees particularly
well with the number of protons in the repeat units hence
suggesting a remarkably low amount of Tip,Ge end groups.
In fact, assuming a detection limit of 50 uM, the correspond-
ing peaks should be detectable at polymerization degrees
smaller than 1400. Their absence is hence consistent with
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the formation of near-infinite polymer chains? as suggested
by the 'H NMR spectroscopic monitoring of the conversion
(vide supra).

The “C NMR signals of 3a,b at similar chemical shifts as
in the monomers are mostly quite broad with the exception
of those assigned to the methyl and methylene groups of the
longer alkyl side chains. The latter are remarkably sharp,
confirming that they are less prone to the electronic
influence of polymer chain. “C and *Si CP/MAS NMR
spectra confirm the structural integrity of the polymers in
the solid state (see Supporting Information).

Delocalization along the polymer main chain is further
supported by second order perturbation analysis at the
BP86/def2-TZVPP level of theory on digermene 4, serving
as model compound for the repeat units of polymers 3a,b.
The optimized geometry of 4 agrees well with the exper-
imental one, exhibiting only minor variations in the bond
lengths and angles. The n(Ge=Ge) bond (NBO 96, see
Supporting Information Figure S70 for NBO plots) donates
into the o*-orbitals of the Si—C bonds (NBO 247:
1.51 kcalmol™"; NBO 249: 2.28 kcalmol™"). The phenylene
linker (NBO 142) interacts with the o*-orbital of the Ge—Si
bond (NBO 243: 2.14 kcalmol '). Additional 6—o¢* conjuga-
tion is reflected by stabilization energies of 2.54 kcalmol™
and 1.92 kcalmol ™, respectively, for the interactions be-
tween the Ge-Si and Ge—Ge o-bonds (NBOs 93 and 95)
and the corresponding c*-orbitals (NBOs 243 and 245).
These conjugative interactions result in relatively low
occupancies of the o- and m-components of the Ge=Ge
double bond of 1.92¢ and 1.85¢ and the Ge-Si c-orbital
(1.91e).

In line with the yellow color, the UV/Vis longest wave-
length absorptions of poly(digermenes) 3a,b in hexane are
observed at 4,,,, =423 nm (3a) and 418 nm (3b), respectively
(Figure 4). These values fall into the typical range of
absorptions for n-n* transitions of moderately to untwisted
acyclic digermenes (411 to 438 nm).[e$1011ad3334 TD_DFT
calculations on symmetric model digermene 4 at the PBE0/
def2-TZVP level of theory confirm the assignment. Com-
pared to model digermene 4 (A, =411 nm),"'” they are red-
shifted by AA=12 and 7 nm. The onsets of the peaks at
463nm (3a) and 457nm (3b) correspond to HOMO-
LUMO gaps of 2.68 and 2.72 eV, respectively, at the lower
end of the range of organic n-conjugated materials typically
used in OLEDs, OSCs and OFETs (2.64 to 4.01¢eV).P
Compared to the monomers (both 431 nm) a slight hyp-
sochromic shift is manifest, most likely owing to diminished
twisting of the substituents at the Ge=Ge double
bond.""**3! The weak bands at 334 nm (3a) and 338 nm
(3b) as well as the intense UV bands at ~248 nm and
~295nm (for both 3ab) arise from charge transfer tran-
sitions of the Ge=Ge double bond to the linking unit’s n-
system, according to TD-DFT calculations (see Supporting
Information). They are considerably bathochromically
shifted compared to the corresponding bands of model
digermene 4 (322nm, 250 nm)!'” and the o,n-conjugated
monomers (2a: 324, 237 nm, 2b: 322, 237 nm).

As a result of increased stability brought about by o,n-
conjugation, digermene polymers 3a,b do not react with 1,3-
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Figure 4. Top: UV/Vis absorption spectra of digermene polymers 3a
(red, solid line; c=0.4 gL™"), 3b (blue, dashed line; c=0.9 gL™") and
molecular model 4"% (black; dotted line, c=6-10"* M). Bottom:
Powder X-ray diffractograms of poly(digermene)s 3 a,b.

diisopropylimidazol-4,5-dimethyl-2-ylidene (Me,IPr) even at
65°C—unlike monomers 2a,b. According to heteronuclear
NMR spectroscopy, the latter readily react with Me,IPr at
room temperature to form the corresponding bridged
bis(germylene)-NHC adducts 5a,b and Tip,Ge—NHC, in
analogy to the previously reported reaction of Si,Si,N,N-
tetramethyl bis(digermene) 2¢ to NHC-bis(germylene) S¢
(Scheme 2).”" The characteristic ?C NMR resonances of the
carbenic carbon atoms of 5a,b are observed between 177.7
and 177.2 ppm as well as particularly broad "H NMR signals
between 6.3 and 5.2 ppm for the CH backbone of the
germylene coordinated carbene. The *Si NMR signals at
—7.16 to —9.94 ppm are characteristically upfield shifted by
14 to 17 ppm compared to preceding bis(digermene)s 2a,b,
similarly to the reported case of 5¢ (AS=15-16 ppm).*” For
the Si-octylated derivative Sa, the presence of several
diastereomers in the mixture is expected due to four
stereogenic centers, in line with broad multiplets in the
corresponding heteronuclear NMR spectra.

Conjugated polymers find applications as semiconduct-
ing thin film materials in electronic devices. For efficient
charge transport, ordered structures are required.’*”! We
therefore investigated the deposition behavior of polymers
3ab and the morphology of resulting thin films. Noticeably,
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powder X-ray diffraction of the bulk samples of polymers
3ab (Figure 4) revealed partial crystallinity, demonstrating
a relatively high level of order. Particularly in the case of the
N-hexyl derivative 3b, several distinct reflections of signifi-
cant intensity are observed at 20=6.9° (1.28 nm), 7.7°
(1.15nm) and 10.7° (0.83 nm). The Si-octyl substituted
poly(digermene) 3a appears to show a lower degree of
crystallinity as suggested by only one distinct peak protrud-
ing at 82° (1.08nm) from the otherwise very broad
reflections in smaller 26 values.

The amorphous contributions to both diffractograms
resemble those of ladder structures of amorphous polysilses-
quioxanes exhibiting characteristic broad reflections at 26
~20° (d=0.34 to 0.53 nm) in addition to those at smaller 20
angles.” The short distance of 0.83nm is assigned to
intramolecular distances between the Ge=Ge units, which is
slightly smaller than the value estimated from the single
crystal structure of monomer 2b (1.00 nm). The larger
values are assigned to interstrand Ge—Ge distances, fitting
the lower end of the corresponding values derived from the
molecular solid-state structures (2a: 1.15-1.66 nm, 2b: 1.05-
1.69 nm). In line with this, the monomers show relatively
short distances between adjacent molecules, in particular
between the alkyl chains with H-H distances as short as
2.7651(2) A (2a) and 3.2687(2) A (2b) and the isopropyl
groups of the Tip substituents with H—H distances of
1.9347(1) A (2a) and 2.1659(1) A (2b). We assume that the
resulting mutual penetration of two molecules via London
dispersion interactions between the alkyl branches (Fig-
ure 1b) is retained in the polymeric structures 3ab along
individual strands. The resulting ladder structures could
account for the larger 26 values (4=0.34 to 0.53 nm)
exhibited in the powder XRD patterns.

The presence of interchain interactions is evident in the
formation of highly viscous gels when the polymerization is
performed at higher monomer concentrations or upon slow
evaporation of the solvent of polymer solutions. In addition
to a high degree of polymerization, this is expected to result
in an increase of the general stiffness of the compounds and
hence in higher glass transition temperatures.”*! Indeed, in
contrast to the Si,5i,N,N-tetramethyl substituted digermene
polymer IV, which exhibits a 7, of 72°C"” no glass
transitions are obtained for 3ab in the temperature range
between —40°C and 160°C. The constitutional integrity of
the polymers after heating to 160°C in the solid state was
confirmed by 'H NMR spectroscopy of dissolved samples
with no discernible changes compared to pristine samples.
At higher temperatures, degradation of 3a,b is observed:
heating solid samples of 3a,b to 200°C for 1.5 h results in
the appearance of additional sharp 'HNMR signals in
solution spectra (3b) or the formation of an insoluble solid
(3a). This is in line with additional exothermic DSC events
at onset temperatures of 167°C (3a) and 168°C (3b),
respectively (Figure 5).

At room temperature and in the absence of air and
moisture, the polymers are stable for at least two years in
the solid state and in solution, according to 'H NMR
spectroscopy. When exposed to air, rapid degradation of 3a
and 3b to unknown molecular fragments is observed.
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Figure 5. Top: DSC curve of digermene polymer 3b recorded at 10 K
min~'. Bottom: Size distribution profile obtained from DLS measure-
ment of 3a in benzene at a scattering angle of 25°.

Melting of the samples in NMR tubes was only observed
well above the degradation temperatures at 242°C (3a) and
250°C (3b). The melting temperatures exceed by far those
of the monomers (2b: 160°C; 2¢: 180°C), in line with the
increased stiffness. According to thermal gravimetric analy-
ses (TGA), the melting processes are accompanied by mass
loss. The corresponding onset temperatures (3a: 243°C, 3b:
249°C) are substantially higher than for the Si,Si,N,N-
tetramethyl derivative IV (122°C)," confirming the consid-
erable stabilization brought about by the intermolecular
dispersive interactions of the alkyl chains and the vastly
higher degrees of polymerization in polymers 3a,b. Further-
more, the first cycles of the DSC measurements (Figure 5
and Supporting Information) reveal remarkably intense
irreversible exothermal events at 81-82°C (3a) and 86-96°C
(3b), tentatively attributed to the increased order by the
establishment of additional interchain interactions and
hence supramolecular structures. The heat release corre-
sponding to energies of 37-48 Jg~' (3a) and 74-75Jg"! (3b)
is in line with heat-induced crystallization processes.*!!

The formation of aggregates of sizes of at least 150 nm is
confirmed by small angle X-ray scattering (SAXS) experi-
ments on concentrated (30 to 45 gL ") solutions of 3ab in
toluene (Figure S86, Supporting Information), showing
strong forward scattering. Furthermore, the forward scatter-
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ing in the case of Si-octylated poly(digermene) 3a follows a
slope close to g~' at intermediate scattering vector values
(¢=0.02-0.1 A~") and for 3b a trend towards ¢’ is found.
The corresponding mass-fractal dimension of D,,=1, indica-
tive of elongated structures,” is consistent with the
presence of cylindrical particles.

Hydrodynamic radii obtained with dynamic light scatter-
ing (DLS) experiments (Figure 5 and Supporting Informa-
tion) on 5 gL' benzene solutions of the polymers show a
strong scattering angle dependency, characteristic for large
or anisotropically shaped particles above the Rayleigh
limit.***¢# The hydrodynamic radii at R,=5.3 nm (3a) and
4.8 nm (3b) correspond to diffusion coefficients (3a: D=
6.8:107", 3b: D=7.6-10"m?s™") in the range of transla-
tional diffusion of high-molecular-weight polymer chains
(polystyrenes with M, =30000 to 200000 gmol™' exhibit
values of D=8 to 3-10"" m*s™))*! and expectedly about
one order of magnitude smaller compared to rod-like
polymers with correspondingly larger volumes such as
cellulose or the tobacco mosaic virus (D=1.5-10""7 to
6.0-107"2 m?s ") The peaks at higher radii (3a: 389 nm,
3b: 168 nm) are in line with the presence of supramolecular
structures with approximately 10’-10° repeat units per
agglomerate (for details see Supporting Information).

Diffusion ordered NMR spectroscopy (DOSY) on
10 gL' solutions in thf-dg provided two different diffusion
coefficients for each derivative (for details see Supporting
Information). The smaller diffusion coefficients of D=
44-107" (3a) and 5.2-10 "' m?s™' (3b) are one order of
magnitude smaller than the values obtained for the mono-
mers (2a: D=54-101"m?’s”', R,=0.84nm; 2b: D=
5.0-10"m?*s™!, R,=0.91 nm), accounting for considerably
larger Volumes, in the same order of magnitude as single
polymer strand translational diffusion observed in the DLS
experiments (3a: D=6.8-10"",3b: D=7.6-10" m?s™"). The
larger diffusion coefficients (3a: D=1.3-10""m?s™"; 3b: D=
1.4-10 m*s™!) are tentatively assigned to slow rotatlonal
diffusion processes about rotational axes perpendicular to
the main axis of the approximately cylindrically shaped
polymer strands. Similar conclusions have been drawn for
rod-like particles typically formed by para-phenylene-con-
taining repeat units.**”! Using a modified version of the
Stokes—Einstein equation for cylindrical structures with
widths corresponding to the monomers’ diameters (see
Supporting Information for details), the translational diffu-
sion coefficients allow for a tentative rod length estimation
of 2100 nm (3a) and 1100 nm (3b), respectively. Assuming
the rods to consist of unentangled polymer chains with strict
linear conformation and a repeat unit length of 1nm
(estimated from the distances between two Ge=Ge moieties
in the molecular structures of 2a,b), these lengths suggest
degrees of polymerization X, of similar absolute values. The
corresponding molecular weights amount to 2200 and
1400 kgmol .

The presence of large cylindrical superstructures of 3a,b
in solution and in the solid state due to the attractive
dispersion forces between the alkyl side-chains of different
polymer strands prompted us to investigate the deposition
of highly ordered thin films. A concentrated hexane solution
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of the N-hexylated derivative 3b (1 gL ™) was spin-coated
onto a mica substrate and the surface was scanned using
atomic force microscopy (AFM). The resulting image shows
the substrate covered by a layer (thickness 12 to 18 nm) of
the polymer and randomly distributed crystalline peaks
protruding about 14 to 29nm from the relatively soft
amorphous background (Figure 6a). Thinner films with
more clearly defined nanostructures, are obtained from less
concentrated solutions (0.4 gL.™") by dip-coating and subse-
quent washing with hexane. A mica substrate coated with
Si-octylated polymer 3a (Figure 6b) exhibits a pattern of
approximately parallel long strands, confirming the forma-
tion of cylindrical superstructures as presumed on the basis
of the solution and solid state analytical data.

Close-ups at higher resolution reveal the strands to be
about 500 nm in breadth (Figure 6¢c and Supporting Infor-

16.0
nm

-751.2
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15.0 ym

993 6
—915 4

50um

417.8
pN

-379.2
pN

0.0 150.0 nm 0.0

150.0 nm

Figure 6. AFM images of a) 3b spin-coated with a 1 gL™" hexane
solution and b-d) 3a dip-coated with a 0.4 gL' hexane solution on
mica substrates (left: height sensor, right: peak force error).

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A 181D 3|cedldde 8Ly Aq pausenob a1 sajole VO ‘88N JO SaInJ 0 Akeid18U1IUO /8|1 UO (SUOIPUOD-PUR-SLLIBYLIOD" A 1M AeIq | U1 UO//:SdNL) SUORIPUOD PUe SWis | 8U1 89S *[5202/20/90] Uo AeiqiTauljuo A8 |1 ‘Ussoniqees euioljqigsepue ] pun -SiselsieAlun auyosipuse | es Aq E0TSTZ0Z 81Ue/z00T 0T/10p/Loo" A3 1M ARq Ul |uoy/sdny woiy papeojumod ‘TS ‘7202 ‘€LLETZST



GDCh
~~

mation Figure S96). Similar rods formed by the N-hexylated
derivative on a highly ordered pyrolytic graphite (HOPG)
surface are thinner with a width of about 64 nm (Figur-
es S95, S96, Supporting Information). The orientation of
these rods in the thin films implies an ordering along the
conjugation path parallel to the surface. Notably, the rods
are between five and ten times flatter than wide with heights
of 97nm (3a) and 6.4nm (3b) (Figure S96, Supporting
Information). The agglomerates hence exhibit an almost
sheet-like shape consisting of several parallel adjacent
fibrils.

At closer view, a plait-like structure of the strands
becomes apparent in the case of the Si-octylated derivative
3a (Figure 6d). This repetitive pattern suggests an ordered
arrangement of the cylindrical agglomerates and conse-
quently of the underlying polymer chains, in line with
regular attractive interactions between the single chains and
even between adjacent fibrils as known for instance from
polyacrylonitrile fibers.[*

Transmission electron microscopy (TEM) of both deriv-
atives was performed on samples on holey carbon-coated
copper TEM grids, prepared by drop-coating hexane or
toluene solutions. In line with the AFM findings, the
resulting images (Figure 7a and Supporting Information)
show broad bundles of polymers in the case of concentrated
solutions (1gL™') with an approximate width of 50 nm.
More dilute poly(digermene) solutions result in numerous
parallel fibrils each of a width of about 3 nm (Figure 7b—d
and Supporting Information). The width of individual
polymer chains of 3ab is estimated to about 1.6-1.8 nm on
the basis of the DOSY data and the crystal structures of

Figure 7. TEM images showing the morphologies of supramolecular
structures formed by poly(digermene)s on holey carbon-coated copper
grids prepared by drop-coating of polymer solutions of different
concentrations: a) 3b (c=1gL™"), b)3a (0.1gL™"),c) 3b (0.4 gL™), d)
3a (0.1 gL™"). Yellow arrows mark areas where mesh-like structures are
exhibited.
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monomers 2ab (see also Supporting Information). Hence,
the observed fibrils most probably show ladder structures
consisting of two interlocked polymer strands resulting in a
theoretical width <3.6 nm.

Their linear parallel alignment corroborates the assumed
self-assembly due to distinct interchain interactions and a
general rigidity of the linear chains. Cross-linked cylindrical
micelles of poly(ferrocenylsilane) block copolymers, for
instance, assemble in a parallel manner resulting in
supramolecular fibers.[*”) Notably, the lamellar substructures
in the poly(digermene) films resemble the well-ordered
structures of regioregular poly(thiophene)s used in organic
solar cells and field effect transistors.”” The images in
Figures 7b,c additionally show regions with mesh-like struc-
tures (see also Figure S97, Supporting Information), suggest-
ing an overlay of several crossing fibers. Such patterns may
result from a different morphology, e.g. as in fringed
micelles where the ends of parallel polymer strands form
knots.[48,51,52]

Conclusions

In conclusion, polymers with Ge=Ge double bonds in the
conjugation path and extremely high degrees of polymer-
ization have been synthesized and characterized in solution,
as bulk solids and in thin films. By equipping the silylene-
phenylene bridge between the Ge=Ge moieties with long
alkyl chains either at the silyl group or the amino function-
ality, considerable solubility in different organic solvents is
conferred. This allows for essentially unlimited chain growth
in the polymerization process following our recently re-
ported HADMET protocol for the metathesis of
bis(digermene)s. Substantial intermolecular dispersion inter-
actions between the alkyl groups of adjacent polymer chains
lead to the formation of ladder-like cylindrical assemblies in
solution and in thin films as apparent from AFM and TEM
images and corroborated by diffusion experiments and
powder XRD. The thin films exhibit ordered structures of
parallel aligned fibrils, consistent with the partial crystal-
linity of the bulk polymer, which ultimately results in a
reasonable thermal stability of the Ge=Ge-containing poly-
mers up to >160°C. Characterization of the bis(digermene)
monomers supported by DFT calculations confirms substan-
tial o,n-conjugation across the silylene-phenylene linker and
the Ge=Ge units. This is further corroborated by the NMR
and UV/Vis data of the yellow polymer solutions. In
combination with the absorption in the visible range, due to
a small HOMO-LUMO gap, this new class of materials
offers interesting perspectives for the application in polymer
electronics.
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