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Frustrated Lewis Pair Chelation as a Vehicle for Low Temperature

Semiconductor Element and Polymer Deposition

Alvaro A. Omafia,”® Rachel K. Green,” Ryo Kobayashi," Yingjie He,” Evan R. An
Ferguson, Yugiao Zhou," Jonathan G. C. Veinot,? Takeaki Iwamoto,™ Alex Brow,

Abstract: The stabilization of silicon(ll) and germanium(ll)
dihydrides by an intramolecular Frustrated Lewis Pair (FLP) ligand,
PB, 'Pr,P(CsHs)BCy, (Cy = cyclohexyl) is reported. The resulting
hydride complexes [PB{SiH,}] and [PB{GeH,}] are indefinitely stable
at room temperature, yet can deposit films of silicon and germanium,
respectively, upon mild thermolysis in solution. Hallmarks of this
work include: (1) the ability to recycle the FLP phosphine-borane
ligand (PB) after element deposition, and (2) the single-source
precursor [PB{SiH,}] deposits Si films at a record low temperature
from solution (110 °C). The dialkylsilicon(ll) adduct [PB{SiMe,}] was
also prepared, and shown to release poly(dimethylsilane) [SiMe,],
upon heating. Overall, this study introduces a “closed loop”
deposition strategy for semiconductors that steers materials science
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Scheme 1. General concept of FLP-assisted semiconductor (E) and polymer
[ERg], deposition (E = Si, Ge).

he requisite FLP for this study 'Pr,P(CsH4)BCy. (PB) was
tained via a modification of a procedure by Bourissou and
coworkers.*?! Addition of Cl,Ge+dioxane to PB in toluene
afforded the FLP adduct [PB{GeCl,}] (1) in a 94 % yield,® which
was then converted to the target Ge(ll) dihydride [PB{GeH.}] (2)
(59 % yield) upon treatment of 1 with two equiv. of Li[HBEts] in
Et,O (Scheme 2); 2 can be also synthesized in one-pot starting
from PB .17

As expected, [PB{GeH;}] (2) affords a ''B{'"H} NMR
resonance at 2.8 ppm in C¢Ds, consistent with a four-coordinate
boron environment. For comparison, the three-coordinate boron
center in free PB resonates at 75.6 ppm in C¢Ds. The GeH. unit
in 2 yields a '"H NMR signal at 3.81 ppm and a v(Ge-H) IR band
at 1990 cm™ " The solid state structures of 1 and 2 have been
determined by single-crystal X-ray crystallography and are
depicted as Figures S5 and 1 (left), respectively. The Ge-P
distance in [PB{GeH,}] (2) [2.3447(3) A] is similar in length as
the coordinative Ge—P length in Marschner’s disilylgermylene
MesP+[Ge{Si(SiMes)s}.] [2.3484(6) A]."? The Ge-B distance in 2
[2.1490(15) A] is slightly longer than in the corresponding Ge-B
bond in Kinjo’s germylene adduct
MesP+[GeB(Mes)N(Ad)CH=CHC(SiMe3),] [2.121(2) A] (Ad =
adamantyl; Mes = 2,4,6-Me3;CeH,).["

Two routes to the Si(ll)-FLP complex [PB{SiCl,}] (3) were
developed, each involving the in situ generation of SiCl"
(Scheme 2). The highest isolated yield of pure 3 (colorless
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crystals) was 35 % starting from 'Pr,P(H)(CsHs)BCy(Cl)
[PB{HCI}] and 100 equiv. of both EtzN and HSiCl;. The solid
state structure of 3 was confirmed by X-ray crystallography
(Figure S6).! Conversion of 3 into the Si(Il) dihydride [PB{SiH2}]
(4) was accomplished in a 86 % yield via the addition of two
equiv. of Li[HBEt3] in Et,O (Scheme 2).
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Scheme 2. Routes to [PB{GeH,}] (2) and [PB{SiH,}] (4) and thermolysis to
yield recyclable PB and Ge/Si.
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hydride  adduct  IMesSi(H){(N(Boryl)CH,),}  (Boryl =
[B(NDippCH.).]; IMes = (MeCNMe),C:) [2.014(5) A].1"®

A major goal of this study was to use the newly prepared
FLP-EH, complexes (2 and 4) a e-source precursors for
the deposition of the bulk semicondu e and Si. To start,
[PB{GeH,}] (2) was subjected to ther oetric analysis
(TGA), which showed an onset of dec
a residual mass after heati
this value corresponds very wi
16 % in 2. For [PB{SiH
significantly lower (67,
to 550 °C (Figure
decomposition of
degradation of 4 i
reactive Si(0) surfa

ining after heating
weight % of Si after the
suggesting incomplete
r partial oxidation of the

by -25.5 kcal/mol (Ge) and -13.7
') we explored the release of Ge
and Si from solution. HealiMg solutions of 2 and 4 in toluene-Ds
to 110 °C (8 hrs) deposited Ge and Si, respectively, with the sole

Wd in solution being dissolved H; and the starting
FWhen element deposition was conducted on a
rative scale, we were able to recover/re-use up to ca. 80 %
thus forming a complete “closed loop” cycle for element
ion (Scheme 2). Notably, the solution-phase deposition of
10 °C represents, to our knowledge, the lowest
eposition of this ubiquitous semiconductor from a
storable sin¥le-source molecular precursor."®

To characterize the morphology and elemental composition
of tge deposited Si and Ge films, SEM imaging and EDX maps
obtained (Figures 2 and S$7-S25).! When element
sition was repeated onto Si or Ge wafers from solution,
revealed the presence of Si and Ge films with thicknesses
110(15) nm and 14(4) ym, respectively (Figures 2a/b, S8 and
S17-20).”! Si or Ge deposition in the absence of substrates gave
fused nanoparticle clusters (Figures S7, S9-S11, and S13-
$15).°! Furthermore, EDX showed negligible P atom content in
all cases,® thus sample contamination with PB or starting
PB[{EH2}] complex (E = Si or Ge) was minimal. The oxidation
state of the deposited Si and Ge was probed by XPS, which
showed one Si(0) environment for the Si films (Figure 2c), while
both Ge(0) and Ge(ll) environments could be found for the Ge
films (Figure $23)."”! Oxidation of deposited Ge is likely due to
brief exposure to air during sample transfer to the XPS stage.“gl
Raman spectroscopy confirmed the presence of amorphous Si
and Ge, with broad Si-Si (485 cm™) and Ge-Ge (280 cm™) peaks
present (Figures S26 and $27).

Our strategy also enables the formation of FLP-
diorganosilylene complexes, as demonstrated by the synthesis
of [PB{SiMe,}] (5) (Figure 3a) in a 70 % yield from the reaction
between 3 and two equiv. of MeLi. The X-ray structure of 5 is
presented in Figure 3b. Heating 5 in toluene at 110 °C for 15 hrs
yields predominantly free PB (by *'P{"H} NMR) and an orange
mixture. Dissolution of the products in THF and precipitation
into cold (-30 °C) pentane afforded poly(dimethylsilane) [SiMe;],
as a white solid, which was identified using FT-IR (Figure S31),®!
'"H-*Si HMBC (Figure S71),°) and gel permeation
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chromatography (Figure S32).! 'H-**Si HMBC analysis is This Communication introduces the FLP-stabilized adducts
consistent with a predominantly linear polymer structure,®*”  [PB{GeH,}] (2) and [PB{SiHz}] (4), and the diorganosilylene
while GPC data shows unimodal distribution with a number complex [PB{SiMe,}] (5). The E(Il) dihydride complexes
average molecular weight (M,) of 2.7 kDa (45 repeat units), and  represent bottleable single-source cursors for the deposition
a polydispersity index (PDI) of 220 Zybill and coworkers have  of bulk Ge and Si upon mild in solution. Another
previously observed the extrusion of oligomeric [SiMe;]x (mol.  hallmark of this work is the ability to ecycle the FLP
weight = 55010 Da, by cryoscopy) upon heating their silicon-  ligand (PB) after element deposition. ledge, the
iron adduct [(Me;N);PO+Me,SisFe(CO)s] to 120 °C, releasing  deposition of Si at 110 °C fry lecular Si(ll)
toxic OP(NMe;)s and metal carbonyls in the process.?"’ Our dihydride precursor 4 represents the lowest
formation of [SiMe;],, a demonstrated precursor to silicon temperature for such a process. show that [SiMe;], can
carbide,® is a promising new direction for FLP chemistry. The  be deposited from the, i t [PB{SiMe_}] (5).
synthetic protocol introduced here should provide future access  Future work will iny i isted deposition to
to a wide range of poly(diorganotetrelanes) [GeR:], and [SiRz],  include other optoe, i i ements and polymers.

of tuneable composition (R = alkyl or aryl groups).
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