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Tetrahedral Tetrakis(p-ethynylphenyl)-Group IV-Compounds in

Microporous Polymers: Effect of Tetrel on Porosity

Andrea C. Uptmoor,@ Florian L. Geyer,® Frank Rominger, Jan Freudenberg®®" and Uwe H. F.

Bunzla<r

Abstract: Three Sonogashira-Hagihara polymerization protocols
were applied for the synthesis of conjugated microporous polymers
(CMPs) using group IV tetra(p-ethynylphenyl) monomers with 1,4-
diiodobenzene or 1,4-dibromobenzene. The optical properties and
surface areas of the CMPs were compared and related to the
preparation conditions and the geometry of the tetrahedral building
block as obtained after X-ray analysis. In each series, surface areas
decreased - independently from chosen parameters as catalyst, base
and solvent - from carbon-centered CMPs (1595 m?g) to silicon-,
germanium- and tin-centered (649 m?/g) networks.

Introduction

Rigid tetrahedral building blocks are useful as connectors for the
construction of organic porous materials including MOFs,*2
PAFs,Bl COFsi*®l and CMPs.81 The latter are formed by
irreversible polymerization and applied in gas sorption and
separation, as catalyst scaffolding, chemosensors and for energy
storage.%19 For amorphous CMPs prepared via Sonogashira-
Hagihara coupling, a vast number of synthetic protocols is
employed.["*1-14 Differing reaction conditions with respect to
catalyst, base, solvent, reaction temperature, nature of the halide
and time are reported- and complicate rationalization of
fundamental properties like porosity and emission.

Whereas tetraphenylmethane derivatives have been frequently
applied in material sciences,*>'"! its silane, germane and
stannane congeners were only recently employed to prepare
amorphous networks.'819 Although a few CMPs constructed
from tetrahedral carbon and silicon monomers exhibit surface
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areas between 717 m?/g and 1679 m?/g after Sonogashira
coupling, the authors again chose differing reaction conditions
and started either from tetrahedral tetrahalides or
tetraalkynes.[*%:2%2 There has been no unified investigation of the
group 1V tetrahedral p-ethynylphenyl monomers in Sonogashira-
Hagihara polymerizations to date and the influence of the central
atom and reaction conditions on the overall properties of the
formed CMP has not been systematically investigated.
Previously, we focused on tin-centered microporous polymers
and investigated the dependence of optical properties and
porosity by varying reaction conditions in Sonogashira-Hagihara
couplings of tetrakis(p-ethynlyphenyl)-stannane with 1,4-
diiodobenzene.[22] Herein, we disclose scale-optimized
syntheses of the four tetrahedral tetraalkynes (C, Si, Ge, Sn) and
investigate three Sonogashira-Hagihara coupling protocols for
CMP synthesis with 1,4-diiodobenzene or 1,4-dibromobenzene,
including change of catalyst, solvent, base and reaction
temperature. Although it is not based on Sonogashira coupling,
Stefan Kaskel's work (Chem. Commun. 2008. 2462) also can be
considered.. We discuss the pronounced central atom effect on
the deviation from the perfect tetrahedral shape of the monomers
and relate it to the optical properties and surface areas of the
CMPs. Although absolute BET areas are highly dependent on the
exact reaction conditions, we observe a decrease with increasing
atomic number of the central atom for each set of polymers. The
term conjugated microporous polymer for this class of materials
constructed from tetrahedral p-ethynylphenyl compounds of
group |V, however, is controversial as we do not know for certain
whether the conjugation is limited to the fluorophore embedded
between the tetrels or somewhat extends over the central atom
(for M = Sn, Ge...) or through-space (vide infra).

Results and Discussion

The group IV tetrahedral alkynes 9-12 are easily accessible from
their tetrabromides 1-4, which, except for 1, form from XCl, (X =
Si, Ge, Sn) and 1-lithio-4-bromobenzene overnight (Sche-
me 1).1%23-28] Side products are easily removed by crystallization,
2-4 are obtained on multigram scale. Compound 1 is synthesized
by bromination of tetraphenylmethane in >90% yield.?*

Br. Br
LiOBr @ Q
cl, Cl y

M . M=Si: 2,58%
cl’ ¢ diethyl ether Go: 3 25%
-78°C-rt Sn: 4, 70%
overnight IR

Br Br

Scheme 1. Synthesis of the tetrabromides 2-4.
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Figure 1. Crystal structures of the alkynes 9-12.
Table 1. Important features of the crystal structures of 9-12.
Alkyne 9 10 11 12
Csp2-Mspa-length [A] 1.55 1.88 1.95 2.14
Arm-length [A] 6.99 7.31 7.36 7.54
4 x 110.9° 4 x 105.1° 4 x104.2° 4 x 102.8°
Angles
2 x 106.6° 2x118.7° 2 x 120.8° 2x123.9
Average alkyne-alkyne
2.76 2.86 2.87 2.89

distance [A]
Cell axis axbxc [A]

Cell volume [A3)]

12.92 x 12.92 x 7.24
1208

13.49 x 13.49 x 6.70
1219

13.60 x 13.60 x 6.58
1217

13.94 x 13.94 x 6.46
1255

1-4 need an active catalyst system as described by Fu and
Buchwald et al.?™] for the Sonogashira reaction of bromides at
room temperature. After 3 d the fourfold reaction forms 5-8 in ca.
80% yield on a scale >3 g. Desilylation (K.COg3) proceeds almost
quantitatively and crystallization from ethyl acetate gives the pure
alkynes 9-12 in good to excellent yields (Scheme 2).

Crystal structures of 9, 10 and 12 were disclosed recently, but not
discussed in context yet.[?6:28-2%1 They crystallize in a tetragonal
system. Going from carbon to tin, the central atom increases in
size and the “arm-length” is increased about 8%. from 9 to 12

(Table 2.0

TMS Vi

HP(t Bu)3BFy,

HN(i-Pr),, Cul,
\@ Q PdCIz(PhCN)z cho3 Q/
THFIMeOH q

rt, 1h

7 N

M=C 570% T™S M=C 1 9,96%

M=C :1 TMS
Si:2 Si : 6,85% Si 110, 93%
Ge:3 Ge:7,82% Ge: 11, 93%
Sn:4 Sn: 8, 82% Sn: 12, 96%

Scheme 2. Synthesis of alkynes 9-12.

The compounds crystallize in the 4 space group, resulting in a
behavior deviating from that of ideal tetraeders because of rising
steric freedom. Their cell parameters do not change proportionally
to the central atom size: the cell axis a (a=b) grows with the central
atom, the c axis decreases towards 12. Due to the increasing
central atom bond lengths an increasing deviation from
tetrahedral geometry of the central atom is observed. We
synthesized three series following different protocols: i) a
procedure we developed recently and tested on tin-centered
CMPs (Series 1, CMP C-1-Sn-1),?? ii) a copper-free protocol
developed by Thomas et al. to avoid alkyne-alkyne-homocoupling

(Series 2, CMP C-2-Sn-2),BU and iii) the literature procedure
following Fu et al., which we already used for monomer synthesis,
employing 1,4-dibromobenzene instead of its iodide (Series 3,
CMP C-3 - Sn-3).2 We modified the literature procedure by
adding tris(tert-butyl)phosphonium tetrafluoroborate with an
excess of base instead of using pyrophoric tris(tert-
butyl)phosphonium as ligand and changed the solvent from
dioxane to THF to ensure good solubility of the monomers. To
investigate the influence of the central atom on the surface area
and optical properties of porous materials, we synthesized CMPs
via Sonogashira-Hagihara coupling of 9-12 with 1,4-
diiodobenzene or 1,4-dibromobenzene (Scheme 3) and
investigated their properties by IR- and optical spectroscopy,
TGA-DSC, elemental- and gas sorption analysis.

Pd-catalyst, 2 mol%
e .

N VA
X
(; solvent, base
temperature, time
X
X= 1 for series 1 and 2,
Br for series 3

solvent catalyst

Series 1 toluene Pd(PPh;),Cl,

Series 2 DMF Pd(PPhs),
Series 3 THF Pd(PhCN),Cl,

Scheme 3: Synthesis of the CMPs.

This article is protected by copyright. All rights reserved.



ChemPlusChem

Intensity norm.

0.0 £

10.1002/cplu.201800214

WILEY-VCH

—CMPC1

—— CMP Si-1

—— CMP Ge-1
CMP Sn-1

—CMP C-2
—— CMP Si-2
CMP Ge-2
CMP Sn-2

0.8

0.6 4

Intensity norm.
Intensity norm.

0.4 4

0.24

T T T T T T
450 500 550 600 650 700
Wavelength [nm]
CMP C-3
CMP Si-3
CMP Ge-3
CMP Sn-3

0.0

T T T T T T T 0.0 -
400 450 500 550 600 650 700 400
Wavelength [nm]

T T T T T T
450 500 550 600 650 700
Wavelength [nm]

Figure 2. Photographs of suspensions of the polymers (THF, ¢ = 1 mg/mL) under UV-light (A = 365 nm, top left) and emission spectra of the three series.

Table 2. Determined emission maxima in the solid state and in suspension for the three polymer series.

CMP Aem,max )\em,max CMP Aem,max Aem,max CMP )\sm‘max Aem,max
Series 1 solid state suspension Series 2 solid state suspension Series solid state suspension
[nm] [nm] [nm] [nm] 3 [nm] [nm]
C-1 537 544 C-2 527 520 C-3 524 518
Si-1 540 531 Si-2 529 519 Si-3 517 514
Ge-1 535 521 Ge-2 528 517 Ge-3 515 513
Sn-1 543 532 Sn-2 527 517 Sn-3 525 520

The CMPs were obtained as bright yellow to orange powders after
Soxhlet extraction from methanol and drying in vacuo. They are
fluorescent in the solid state as well as in suspension (see
Supporting Information).

Whereas CMPs C-1 to Sn-1 are brightly yellow fluorescent in
suspensions of THF, the other two series exhibit a more greenish
emission color (Figure 2). This trend is visible in the emission
spectra of the solids and suspensions. The series 1 following our
protocol displays fluorescence maxima between 521 nm to 544
nm for suspensions (535 nm and 543 nm in the solid state)
whereas the procedure developed by Thomas et al. (Series 2) led
to maxima lying closely together between 517 nm to 520 nm (527
nm and 529 nm for solid state). The Fu conditions employing 1,4-
dibromobenzene (Series 3) resulted in blue-shifted maxima
between 513 nm to 520 nm (515 nm and 525 nm in the solid state).
Within one series, the emission spectra for the polymers are
nearly superimposable. Going from series 1 to 3, however, there

is a second peak at A = 470 nm at higher energies. For series 1,
only a small shoulder is apparent, whereas for conditions 2 and 3
the shoulders become distinct peaks. When comparing polymers
with the same central atom, emission maxima are shifted about
20 nm to shorter wavelengths when going from conditions 1 to
conditions 3 (Figure 2, top right to bottom right). Thus, the choice
of the reaction conditions does have an effect on the resulting
emission properties. For linear polymers, the position but not the
overall shape of emission bands is dependent on the conjugation
length, if the effective conjugation length is not reached.>3¥1We
reason, there is a similar effect at work here, although it is
challenging to identify a measure for quantification.

The IR spectra show similar bands for all of the CMPs (see
Supporting Information), and there are only weak signals for the
terminal alkyne C-H stretching vibration, suggesting high turnover
with respect to the alkyne monomers. As emission spectra are
more sensitive to the chemical environment of the fluorophores,

This article is protected by copyright. All rights reserved.
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small structural differences will impact photoluminescence
properties, but will not show up in their IR spectra.6-38l

To investigate whether the central atom influences the porosity of
the materials, we determined the BET surface areas by nitrogen
adsorption/desorption measurements at 77 K using the BET
method. Surface areas vary from 555 m?/g for CMP Sn-1 to
1595 m?/g for CMP C-2 (Table 2). In all three series, the BET
surface areas for the carbon centered CMPs are the highest,
whereas the tin centered yielded the lowest -the areas for silicon
and germanium are intermediate, but not following the trend. For
series 1, the surface area of Si-1 is 55 m2/g higher than for Ge-1,
but in the other two series, the germanium centered network
possesses a somewhat higher surface area. Nonetheless, the
values are in a comparable magnitude and can be explained by

10.1002/cplu.201800214

WILEY-VCH

the similarity of silicon and germanium (atomic radii etc.), which is
also reflected in the structure of the alkyne monomers 10 and 11
(Table 1). Strikingly, the same trend is observed in general,
independent from the catalyst system, e.g. solvent, base,
precatalyst and dihalide. We hypothesize that this is a direct
consequence of the flexibility of the monomers employed as
reflected by the increasing deviation from the tetrahedral angle
with increasing atomic number and metallic character from carbon
to tin (vide supra).

The surface areas in each series could be correlated with the
choice of the reaction solvent. Cooper et al investigated solvent

changes on the magnitude of the BET areas for a variety of
aromatic systems.[*

Series 1 .
CMP Sn-1 Series 2
e CMPGe-l 5000 CMP Sn-2
—e— CMP Si-1 CMP Ge-2
CMP Gl —e— CMP Si-2
—e— CMP C-2
3 S 1500
8 3
[ [}
5 5
2 S 1000
: 3
2 3
< < 500
1 0-f T T T T 1
1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Figure 3. Nitrogen adsorption/desorption isotherms (filled symbols = sorption, open symbols = desorption) at 77 K for CMPs C-1 — Sn-1 (top, left) prepared after
our protocol, for CMPs C-2 — Sn-2 (top, right) prepared after Thomas et al. and for CMPs C-3 — Sn-3 (bottom, left), prepared using Buchwald’s and Fu’s conditions.
The isotherms have been offset by 500 units for clarity. Bottom right: Exemplary progression of the pore size distribution for series 3 (mesopores are not visible in

this graph because of their fractional amount).

Table 3. Determined surface areas and diameters of the micropores of the three CMP series.

CMP BET surface (%] CMP BET surface (0] CMP BET surface @ micropores
Series 1 area [m?/g] micropores Series 2 area [m?/g] micropores Series 3 area [m?/g] [nm]
[nm] [nm]
C-1 1086 1.56 C-2 1595 1.73 C-3 1354 1.50
Si-1 1000 1.67 Si-2 1214 1.50 Si-3 1105 1.45
Ge-1 945 1.61 Ge-2 1307 1.61 Ge-3 1132 1.45
Sn-1 555 1.56 Sn-2 649 1.45 Sn-3 667 1.36

This article is protected by copyright. All rights reserved.
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The authors tested DMF, THF, dioxane and toluene - DMF always
led to the highest surface areas, toluene resulted in least porous
networks and THF and dioxane gave intermediate values. This is
consistent within our networks. The most rigid carbon-centred
monomers, least deformable, result in more rigid and porous,
amorphous networks. The N-isotherms (Figure 3) show an
apparent hysteresis upon desorption, consistent with the
existence of a small amount of mesopores within the polymeric
structure.' The pore size distribution calculated from quenched
solid state density functional theory (QS-DFT) affirms this
statement as it reveals pores in the mesoporous region ranging
from 2.99 nm to 4.08 nm (see Supporting Information) as well as
micropores ranging from 1.36 nm to 1.73 nm (Table 3). Cavities
for carbon centered polymers are largest and decrease towards
the tin centered ones (Figure 3, bottom right). Concerning their
micropores, the behavior of silicon and germanium centered
networks relates to the determined surface areas: A higher
surface area goes hand in hand with larger micropores.

Conclusions

In conclusion, we present scalable syntheses for the chemically
and thermally stable tetrahedral alkyne building blocks 9-12. With
the central atom, some important molecular properties like size
(and thus pore-volume, surface area and diameter of derived
materials), accessibility of the central atom and flexibility are
systematically varied, while others (space group, stability) remain
constant. We synthesized three series of conjugated microporous
polymers under three different conditions, varying catalyst system,
solvent and base as well as the employed dihalide. We compared
their optical properties and determined BET surface areas. The
emission maxima only change by a few nanometers, but there is
a second peak forming in the blueshifted region when changing
the reaction conditions from series 1 to series 3. The observed
surface areas strikingly differ: We acquired fairly high surface
areas for this class of materials (up to 1595 m?/g) and determined
that within the group 1V, the surface area decreases from carbon
to tin, irrespectively of the selected conditions for preparation, with
the Thomas system giving the highest microporosities. This
observation matches with previous investigations about the
absolute dimension of surface areas, depending on the choice of
the reaction solvent.?¥! In general, the surface areas of
microporous polymers constructed from the group IV tetrahedral
alkyne monomers with 1,4-diiodobenzene showed a decreasing
trend with increasing atomic number of the central atom.

Experimental Section

Materials and Methods. Unless otherwise described, all reactions were
carried out in heat-gun dried glassware under an inert gas atmosphere
(nitrogen, argon) using standard Schlenk techniques. All chemicals and
solvents were purchased from Acros, Sigma-Aldrich, fluorochem or abcr
GmbH. 1,4-Diiodobenzene was purchased from Sigma-Aldrich and
purified by column chromatography before use. THF and toluene were
dried employing a MB SPS-800 solvent purification system with drying
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columns. Deuterated solvents were obtained from Sigma-Aldrich. NMR
spectra were recorded in deuterated solvents at room temperature on a
Bruker Avance 300 (300 MHz), a Bruker Avance 500 (500 MHz) or a
Bruker Avance Il (600 MHz) spectrometer. Emission and excitation
spectra were recorded on a Jasco FP 6500. Samples were prepared as
suspensions in THF (c = 1 mg/mL). UV-Vis solid state spectra were
recorded using a spectrometer equipped with an integration sphere
(Photon Technology International Quantummaster 40, LabSphere®;
diameter 6”, coated with Spectraflect®). The bandwidths of the
monochromator were set to 3 nm (incident light and reflected light). As a
white standard we used magnesium sulfate (reflected light).
Thermogravimetric analyses were performed using a Mettler Toledo
TGA/DSC1 device. Porosity of the polymers was characterized by nitrogen
BET analysis at 77.35 K with an autosorb computer controlled surface
analyzer (AUTOSORB-IQ 3, Quantachrome). The sample was degassed
at 80 °C (3 h) before analysed. The Brunauer-Emmett-Teller (BET) surface
area was calculated assuming a value of 0.162 nm? for the cross sectional
area of the nitrogen molecules in the pressure range P/Po = 0.01-0.1. IR
spectra were recorded on a Jasco FT/IR-4100 spectrometer. Substances
were applied as solids. Infrared data are quoted in wave numbers [cm™].
Elemental Analysis was performed by the Microanalytical Laboratory of the
University of Heidelberg using an Elementar Vario EL machine.
Photographs were taken with a Canon EOS 7D camera. Lifetime
estimation of excited states after fluorescence stimulation was
accomplished with a Horiba Yvon Fluorocube at different wavelengths.

Monomer synthesis. General Procedure (GP) 1 for the synthesis of
tetra(4-bromophenyl)-compounds 2-4 via lithiation. 1,4-Dibromobenzene
(1.0 eq) is dissolved in diethyl ether. The solution is cooled to 0 °C and n-
butyl lithium (1.0 eq, 2.5 M in hexane) is added dropwise. The mixture is
stirred for 30 min at this temperature. Then, MCl4 (0.25 eq., M = Si, Ge,
Sn) is added dropwise. The mixture is stirred overnight and allowed to
warm to room temperature during this time. DI water is added to quench
the reaction and dichloromethane is added until all residues are dissolved.
The phases are separated and the aqueous layer is extracted with
dichloromethane. The combined organic layers are dried over MgSOas, the
solvent evaporated and the remaining, off-white solid recrystallized from
ethyl acetate. See Supporting Information for analytical data of 1-4.

GP2 for the Sonogashira coupling of group IV-tetra(4-bromophenyl)-
compounds 1-4 with trimethylsilyl-acetylene. The respective group V-
arylboromide (1.0 eq) is dissolved in a degassed 1:1 mixture of
tetrahydrofuran/diisopropylamine.  Cul  (0.10 eq), tris(tert-butyl)-
phosphonium tetrafluoroborate (0.20 eq.), trimethylsilyl acetylene (10 eq)
and bisbenzonitriledichloro palladium(ll) (0.10 eq) are added in this order.
The mixture is stirred for 3 days at room temperature and then quenched
by addition of DI water. The aqueous phase is extracted with
dichloromethane. The combined organic layers are dried over MgSOsa,
filtered and the solvent evaporated. The remaining, dark brown solid is
dissolved in a 2:1 mixture petroleum ether/dichloromethane and filtered
through a silica plug. After removal of the solvent, the remaining off-white
solid is recrystallized from ethyl acetate to yield the crystalline trimethylsilyl
protected tetraalkyne. See Supporting Information for analytical data of 5-
8.

GP3 for the desilylation of trimethylsilyl protected tetraalkynes 5-8. The
respective trimethylsilyl protected alkyne (1.0 eq) is dissolved in a mixture
of tetrahydrofuran/methanol. K2.CO3 (20 eq) is added and the suspension
is stirred at room temperature. The reaction is quenched by addition of DI
water and the aqueous phase extracted with dichloromethane. The
combined organic layers are dried over MgSQOa4, the solvent evaporated
and the residual off-white solid recrystallized from hexane and ethyl
acetate to yield the respective terminal alkynes. See Supporting
Information for analytical data of 9-12.

This article is protected by copyright. All rights reserved.
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Polymer synthesis. GP4 for CMPs C-1 - Sn-1: The respective
tetrahedral monomer (1.0 eq) was dissolved in a degassed mixture of
toluene and tiethylamine. Then, 1,4-diiodobenzene (2.0 eq) and
bis(triphenylphosphine)palladium(ll) dichloride (2 mol%) were added. The
reaction mixture was stirred at 100 °C overnight and filtered. The solid was
pestled in a mortar, washed with methanol and subjected to Soxhlet
extraction from methanol overnight. The resulting powder was pestled in a
mortar again and dried in vacuo to yield the respective polymer. See
Supporting Information for analytical data of C-1 — Sn-1.

GPS5 for CMPs C-2 — Sn-2: The respective tetrahedral monomer (1.0 eq)
was dissolved in a degassed mixture of DMF and triethylamine. Then, 1,4-
diiodobenzene (2.0 eq) and tetrakis(triphenylphosphine)palladium(0)
(2 mol%) were added. The reaction mixture was stirred at 100 °C overnight
and filtered. The solid was pestled in a mortar, washed with methanol and
subjected to Soxhlet extraction from methanol overnight. The resulting
powder was pestled in a mortar again and dried in vacuo to yield the
respective polymer. See Supporting Information for analytical data of C-2
-Sn-2.

GP6 for CMPs C-3 — Sn-3: The respective tetrahedral monomer (1.0 eq)
was dissolved in a degassed mixture of THF and DIPA. 14-
Dibromobenzene (2.0 eq), Cul (4 mol%), HP(tBu)sBF4 (4 mol%) and
Pd(PhCN)2Cl2 (2 mol%) were added. The reaction mixture was stirred at
40 °C for 3 d and filtered. The solid was pestled in a mortar, washed with
methanol and subjected to Soxhlet extraction from methanol overnight.
The resulting powder was pestled in a mortar again and dried in vacuo to
yield the respective polymer. See Supporting Information for analytical
data of C-3 —Sn-3.
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