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A novel tetrakis(4-(5,5-dimethyl-2-phenyl-1,3-dioxan-2- yl)phenyl)germane (2) was synthesized by the
reaction of germanium(IV) tetrachloride with 4-(5,5-dimethyl-2-phenyl-1,3-dioxan-2-yl)phenyllithium.
Colorless plate-shaped single crystals obtained from recrystallization in ether were characterized by the
single-crystal X-ray diffraction. The organogermanium compound was crystallized in a noncentrosym-
metric nonpolar tetragonal space group, I-4, and classified as a porous molecular material owing to the
presence of two types of distinct channels as a result of intermolecular hydrogen bonding. Compound 2
exhibits a differential gas adsorption property. The powder second-harmonic generating (SHG)
measurements indicate that compound 2 shows a SHG efficiency 10 times greater than those of a-SiO,
and type-1 nonphase-matchable.

© 2018 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Compounds with a molecular structure enhancing an intermo-
lecular -7 overlap are generally known to possess good charge-
transporting properties [1]. However, such intermolecular -1
overlap of planar 7-conjugated compounds easily leads to w—r
stacking that tends to cause serious problems such as electric
shortage by partial crystallization and nonradiative recombination
by forming aggregates in the devices [2-4]. Efforts to reduce the
-1 stacking by transforming the molecular structure to three
dimension, such as tetrahedral, dendric, and spiro, have been
reported previously [5-10]. We also reported several tin-cored
tetrahedral stilbene compounds and applied in OLEDs [11].

As a part of our ongoing investigation for developing tetrahedral
optoelectronic materials, a germanium-cored benzophenone
intermediate was required to construct tetrahedral stilbene or
distyrylarylene germanium compounds. 2-(4-Bromophenyl)-5,5-
dimethyl-2-phenyl-1,3-dioxane (1), a protected analogue of
benzophenone, was initially prepared by the reaction of 4-
bromobenzophenone with 2,2-dimethyl-1,3-propanediol. The
reaction of germanium(IV) chloride (GeCl,) with 4-(5,5-dimeth-
yl-2-phenyl-1,3-dioxan-2-yl)phenyllithium, pre-prepared in situ
by the reaction of 1 with n-BuLi, produced tetrakis(4-(5,5-

dimethyl-2-phenyl-1,3-dioxan-2-yl)phenyl)germane (2) as a sin-
gle crystal in a good yield after recrystallization from ether.

Herein, we report our efforts toward the synthesis and
crystallization, crystal structure determination, and characteriza-
tion of a novel noncentrosymmetric (NCS) tetrahedral compound
2. Materials crystallizing with macroscopic NCS structures may
exhibit interesting frequency conversion properties. In addition,
the structure of the title compound reveals a porosity attributable
to the intermolecular hydrogen bonding interactions. Second-
order nonlinear optical (NLO) properties and a selective gas
adsorption phenomenon for 2 are also presented.

Intermediate compound 1 was prepared by the reaction of 4-
bromobenzophenoe with 2,2-dimethylpropane-1,3-diol. The
crude product was recrystallized from iso-propanol, affording
pale pink plate-shaped crystals in 83% isolated yield. Tetrahedral
germanium compound 2 was prepared by the reaction of
GeCl, with four equivalents of 4-(5,5-dimethyl-2-phenyl-1,3-
dioxan-2-yl)phenyllithium, prepared by the reaction of 1 with
n-Buli in situ (Fig. 1). The crude product was recrystallized from
ether, affording colorless plate-shaped single crystals in 83%
isolated yield.

Abbreviations: SHG, Second-harmonic generating; OLED, Organic light-emitting diode; CCD, Charge-coupled device; XRD, X-ray diffraction; PXRD, Powder XRD; TGA,
Thermogravimetric analysis; NLO, Second-order nonlinear optical; ADP, NH4H,PO,; ESI, Electronic supplementary information; NCS, Noncentrosymmetric; MP, Melting

points; TMS, Tetramethylsilane.
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Fig. 1. Synthesis of compound 1.

Compound 2 is a molecular material crystallizing into a NCS
tetragonal space group, I-4 (No. 82). Four 4-phenyl-5,5-dimethyl-
2-phenyl-1,3-dioxane ligands are connected to Ge** cation through
covalent C—Ge bonds (Fig. 2a). The unique Ge** cation is in a four-
coordinate tetrahedral coordination environment with the Ge—C
bond distances of 1.940(3) A. The observed C(1)—Ge(1)—C(1)
bond angles are 105.8(2)° and 111.36(12)°. The C—0 and C—C bond
distances in the ligand are in the range 1.404(4)-1.445(4)A and
1.344(10)-1.548(5) A, respectively. The selected bond distances are
listed in Table 2. Interestingly, intermolecular hydrogen bonding
occurs between the O(2) in the dioxane moiety in one ligand and
the C(12) in the phenyl group in the adjacent ligand [0(2) . . . C(12)
3.422(9) A], resulting in both square-like and rectangular channels
along the [001] direction (Fig. 2b). While the dimensions of the
square-like channels are approximately 5.8 A x 5.8 A, those of the
rectangular channels are approximately 4.0Ax 11.1A in the
framework. Thus, the framework of compound 2 can be considered
as a pseudo-three-dimensional structure with unprecedented
channels. In other words, the compound can be considered as a
molecular porous material attributed to the channel structure
originating from the intermolecular hydrogen bonding. The CALC
SOLV command in the PLATON crystallographic program suggests
that compound 2 contains ~ 6% of empty space [12]. The
crystallographic data can be found in the ESI.

The thermal behavior of compound 2 was investigated by
thermogravimetric analysis. The compound is thermally stable up
to 320°C, as indicated by the thermogravimetric analysis diagram
(see the ESI). At temperature > 320°C, however, decomposition
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occurs because of the loss of organic ligands. The thermal stability
of compound 2 was also confirmed by the powder XRD (PXRD)
pattern. No substantial changes in the peak position and intensity
were observed in the PXRD data measured up to 300°C. However,
the PXRD pattern obtained at 500°C reveals decomposed
amorphous phases. The TGA diagram and PXRD data measured
at different temperatures can be found in the ESI

Since compound 2 reveals a channel structure attributed to the
intermolecular hydrogen bonding, adsorption experiments with a
few different gases were performed. Initially, compound 2 was
evacuated at 100 °C for 3 h to remove any moisture or solvent inside
the channels. The N, and H, did not diffuse significantly into the
channels at 77K (Fig. 3a). However, interestingly, as shown in
Fig. 3a, the adsorption capacity of compound 2 for CO, at 195K is
significantly greater. Similar differential gas adsorptions in frame-
works containing channels have been reported previously [13-18].
The low hydrogen adsorption for compound 2 may be attributed to
the lack of appropriate sites of metal ions and ligands that can
strongly interact with H, molecules. Meanwhile, the substantial
quadruple interactions of N, with the electrostatic field gradients
near the surface may strongly interact with the N, molecules with
the pore windows, thus subsequently obstructing other molecules
from passing into the channel [ 19]. With the CO, at 195 K, however,
such interactions overcome by thermal energy. Further analyses of
the experimental data estimated by the Langmuir surface area and
the SF method yields the surface area of 105 m?/g based on CO,
adsorption and approximate pore diameters in the range 8-12 A,
respectively. The measured channel size of compound 2 is

Fig. 2. (a) ORPEP (30% probability ellipsoids) drawing representing the coordination environment of compound 2. Hydrogen atoms were removed for clarity. (b) Ball-and-
stick and polyhedral diagram showing a channel structure of compound 2 in the ab-plane (blue, Ge; gray, C; red, O). Hydrogen atoms are omitted for clarity. Note that both
square-like and rectangular channels attributable to intermolecular hydrogen bonding (red dotted lines) are observed along the [001] direction. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. (a) Adsorption isotherms of N, (M, 77 K), H, (e (red), 77 K), and CO-, (A (blue), 195 K) on compound 2. (b) Phase matching curve (Type 1) for compound 2. The curve is to
guide the eye and is not a fit to the data. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

consistent with that from the crystallographic analysis. The pore
size distribution plot has been added to the ESI.

Since compound 2 crystallizes in a noncentrosymmetric space
group, its SHG properties were investigated. Powder SHG
measurements at 1064 nm radiation indicated that compound 2
has a similar SHG efficiency to that of NH4H,PO, (ADP), i.e.,
approximately 10 x a-SiO,. It is not surprising that the reported
material has a relatively weaker SHG efficiency, because no NLO
chromophores are found from the central metal cation or ligand in
compound 2. Besides, the material crystallizes in the NCS nonpolar
space group, I-4. By sieving the polycrystalline sample into various
particle sizes, ranging from 20 to 250 wm and measuring the SHG
as a function of particle size, the Type 1 phase-matching capability
of the material were measured. The powder SHG measurements
indicate that compound 2 is not phase-matchable (Fig. 3b), as often
reported from the Class C category of SHG materials, as defined by
Kurtz and Perry [20].

A novel germanium-organic compound (2) possesses two types
of distinct channels obtained by intermolecular hydrogen bonding.
Thus, the reported compound can be categorized as a porous
multifunctional material that is crystallizing in a noncentrosym-
metric (NCS) space group with an unprecedented channel
structure exhibiting interesting physical properties found from
NCS structures.

As a porous molecular material, compound 2 reveals a
differential gas adsorption phenomenon and might be used for a
gas separation filter. Since the process toward useful devices such
as gas separation films and/or filters for porous coordination
polymers is much more accessible compared to that of pure
inorganic porous materials, the title compound should be very
useful for the application. In addition, the reported material shows
second-harmonic generations (SHG) properties attributed to the
macroscopic asymmetric structure. Therefore, the closely related
interesting piezoelectric properties are also expected from the
compound. In fact, SHG and piezoelectricity are crucial character-
istics for industrial applications such as lasers, optical communi-
cations, sensors, actuators, and energy harvesting, etc. It should be
pointed that the porous molecular material may reveal all these
industrially important properties in one compound.

Compound 2 exhibits a differential gas adsorption property. The
Powder SHG measurements indicate that compound 2 has 10 times
higher SHG efficiency than those of «-SiO, and type-1 nonphase-
matchable, indicating that compound 2 might be applied to gas
separation and storage by a careful adjustment of the channel size
and functionalization of the framework. In addition, the NCS space

group for the compound might be useful for the applications in
sensors and energy storage.

Preparation of 2-(4-bromophenyl)-5,5-dimethyl-2-phenyl-1,3-
dioxane (1)

4-Bromobenzophenone (20.0g, 76.6 mmol), 2,2-dimethylpro-
pane-1,3-diol (12.0g, 115.0 mmol), 4-methylbenzenesulfonic acid
(0.66¢g, 3.84 mmol) was dissolved in toluene (600ml), and the
mixture was heated at reflux for 19 h. The resulting mixture was
cooled to room temperature and diluted with CHCls. The organic
layer was washed with Na,COs5 solution, water and brine, dried
over anhydrous MgSO,, filtered, and concentrated in vacuo. The
resulting crude product was recrystallized from iso-propanol,
affording 1 (22.1g, 83%) as pale pink plate-shaped crystals; TLC
Rf=0.84 (n-hexane:Et,0=2:1); '"H NMR (600 MHz, CDCl3)  0.97 (s,
3H), 1.02 (s, 3H), 3.61 (q, J=11.19Hz, 4H), 7.28 (t, J=7.35Hz, 1H),
7.36 (t, J=7.64 Hz, 2H), 7.41 (d, J=8.71 Hz, 2H), 7.46 (d, ]=8.67 Hz,
2H), 7.51 (d, J=8.29 Hz, 2H); 13C NMR (150 MHz, CDCl5) & 22.49,
22.60, 30.16, 72.08 (x2),100.53,121.92,126.56 (x2), 127.98, 128.41
(x2), 128.49 (x2), 131.48 (x2), 141.40, 141.45; GC/MS calcd for
C1gH19BrO, (M+): 345.65.

Preparation and crystallization of tetrakis(4-(5,5-dimethyl-2-
phenyl-1,3-dioxan-2-yl)phenyl)germane (2)

2-(4-Bromophenyl)-5,5-dimethyl-2-phenyl-1,3-dioxane, 1
(15.4 g, 44 mmol) was pre-dried by Ar purging and dissolved in
THF (250 mL). To that solution, n-BuLi (17.6 mL, 44 mmol, 2.5M in
hexane) was added dropwise under stirring at —78°C in Ar
atmosphere. After 30 min of stirring, GeCl, (1.00 mL, 8.74 mmol)
was added to the solution at —78°C. The reaction mixture was
stirred for 3h at —78°C and 12h at ambient temperature. The
resulting mixture was cooled to room temperature and diluted
with CHCls. The organic layer was washed with 1% aqueous HCl,
water and brine, dried over anhydrous MgSO,, filtered, and
concentrated in vacuo. The resulting crude product was recrystal-
lized from ether, affording 2 (10.4 g, 83%) as colorless plate-shaped
single crystals; TLC Ry=0.72 (n-hexane:THF=2:1); 'H NMR
(600 MHz, CDCls) & 0.95 (s, 12H), 1.02 (s, 12H), 3.59 (s, 16H), 7.26
(t,J=7.37Hz, 4H), 7.34 (t, J=7.67Hz, 8H), 7.43 (d, J=8.41 Hz, 8H),
7.45 (d, J=8.41 Hz, 8H), 7.50 (d, J=8.28 Hz, 8H); >*C NMR (150 MHz,
CDCl3) 8 22.52,22.63, 30.16, 72.10 (x2),100.92,126.28 (x2),126.79
(x2), 127.78, 128.34 (x2), 137.37 (x2), 135.42, 141.56, 142.96;
MALDI-TOF MS calcd for C;,H7603Ge (M+): 1143.6421.
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Single-crystal X-ray diffraction

The structure of 2 was determined by the standard crystallo-
graphic method, using a colorless plate crystal (0.028 x 0.034
x 0.046 mm?) of 2 for single crystal data analysis. All the data were
collected using a Bruker SMART BREEZE diffractometer equipped
with a 1 KCCD area detector using graphite monochromated Mo Ka
radiation at 200K. A hemisphere of data was collected using a
narrow-frame method with the scan widths of 0.30° in omega and
an exposure time of 5 s/frame. The first 50 frames were remeasured
at the end of the data collection to monitor the instrument and
crystal stability. The maximum correction applied to the intensities
was < 1%. The data were integrated using the SAINT program, with
the intensities corrected for Lorentz factor, polarization, air
absorption, and absorption attributable to the variation in the
path length through the detector faceplate [21]. The hemisphere of
data was corrected using semiempirical absorption with the
SADABS program [22]. The data were solved and refined using
SHELXS-97 and SHELXL-97, respectively [23,24]. All the atoms
except for hydrogen were refined with anisotropic displacement
parameters and converged for I>20(I). All the calculations were
performed using the WinGX-98 crystallographic software package
[25]. The crystallographic data and selected bond distances for the
reported material are given in Tables 1 and 2 for comparison.

Powder X-ray diffraction

Powder X-ray diffraction was used to confirm the phase purity
of the synthesized material. Powder XRD pattern was collected at
room temperature using a Bruker D8-Advance diffractometer
equipped with Cu Ko radiation at 40kV and 40 mA. The well
ground polycrystalline sample of 2 was mounted on a sample

Table 1

Crystallographic data for 2.
Empirical formula GeC7,H7605
Formula weight 1141.94
Crystal sysyem Tetragonal
Space group I-4 (No. 82)
a=bJA 19.5513(5)
c/A 8.3226(3)
VIA3 3181.3(2)
zZ 2
D./g cm 3 1.192
R(F)* 0.0448
Ru(F?)° 0.0602
Flack parameter 0.017(12)

Largest residuals/e A—3 0.234 and —0.215

3 R(F)=2||F| - IF||/2 IF,.
b RW(FZ) =[EW(FUZ*FCZ)/EW(FOZ)ZIU%

Table 2

Selected bond distances (A) for 2.
Ge(1)-C(1)x 4 1.940(3) C(7)-C(8) 1.533(5)
0(1)-C(7) 1.421(5) C(8)-C(9) 1.377(5)
0(1)-C(14) 1.441(4) C(8)-C(13) 1.368(5)
0(2)-C(7) 1.404(4) C(9)-C(10) 1.397(5)
0(1)-C(15) 1.445(4) C(10)-C(11) 1.347(8)
C(1)-C(2) 1371(4) C(11)-C(12) 1.344(10)
C(1)-C(6) 1.370(4) C(12)-C(13) 1.407(8)
C(2)-C(3) 1.381(4) C(14)-C(16) 1.509(5)
C(3)-C(4) 1371(5) C(15)-C(16) 1.534(5)
C(4)-C(5) 1.377(4) C(16)-C(17) 1.525(5)
C(4)-C(7) 1.516(5) C(16)-C(18) 1.548(5)
C(5)-C(6) 1.380(4)

holder and scanned in the 20 range 5-70° with a step size and step
time of 0.02° and 0.2 s, respectively. The experimental powder XRD
pattern is in good agreement with the calculated data from the
single-crystal model. The XRD patterns can be found in the
Electronic Supplementary Information (ESI).

Second-order nonlinear optical measurements

Powder second-harmonic generating (SHG) measurements of
polycrystalline material 2 were performed using a modified Kurtz-
NLO system using 1064 nm radiation [26]. A DAWA Q-switched Nd:
YAG laser, operating at 20Hz, was used for the measurements.
Because the SHG efficiency has been shown to depend strongly on
the particle size, polycrystalline samples were ground and sieved
(Newark Wire Cloth Co.) into distinct particle size ranges (20-45,
45-63, 63-75, 75-90, 90-125, 125-150, 150-200, 200-250, >
250 wm). To make relevant comparisons with the known SHG
materials, crystalline a-SiO, and LiNbOs were also ground and
sieved into the same particle size ranges. Powders with the particle
size in the range 45-63 um were used for comparing the SHG
intensities. All the powder samples with different particle sizes
were placed in separate capillary tubes. No index matching fluid
was used in any of the experiments. The SHG light, i.e.,, 532 nm
green light, was collected in reflection and detected using a
photomultiplier tube (Hamamatsu). To detect only the SHG light, a
532 nm narrow-pass interference filter was attached to the tube. A
digital oscilloscope (Tektronix TDS1032) was used to view the SHG
signal. A detailed description of the equipment and the methodol-
ogy used has been published [27].
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Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jiec.2018.09.024.
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