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The structures and thermal properties of three new hybrid one-dimensional (1D) polymers based on zinc
bis(diarylphosphate)s containing p-substituted phenyl rings are reported. The crystal structures of Zn[O,P
(p-OCgH4NO,)2l2 (1), Zn[O2P(p-OCeH4,OMe),l; (2) and Zn[O,P(p-OCeH4COLEL),], (3) differ from that of
their unsubstituted analogue, Zn[O,P(OPh),], (ZnDPhP). Compounds 1 and 3 consist of tetrahedrally co-
ordinated zinc cations connected by double bridges of phosphate groups (2+2 bridging mode) and form
polymeric chains that are packed in a distorted hexagonal lattice with six closest neighbours. In com-
pound 2 zinc cations are linked by alternating single and triple phosphate bridges (3+1 bridging mode)
and the resulting chains, having only four closest neighbors, are packed in a distorted tetragonal manner.
DFT computations revealed that the 242 bridging mode, even at the highest energy conformation, is
more stable than the 3+1 one. Simultaneous Thermal Analysis, Raman spectroscopy and powder XRD
(PXRD) studies show that pyrolysis of the studied hybrid polymers begins above 260 °C, leading to a
mixture of zinc condensed phosphates and carbonaceous deposits that may have electron-conducting
properties. DSC and PXRD studies provide evidence that crystalline domains in 2 and 3 rearrange and/or
disappear at a much lower temperature (ca. 150 °C) leading to an isotropic liquid (in the case of 3) or an
amorphous solid material (in the case of 2). Electrorheological measurements indicate that 1-3 are polar-
ized in an external electric field, and the type of electrorheological effect depends on the type of functional
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Introduction

Hybrid inorganic-organic polymers based on metal phos-
phates and phosphinates have been studied for a long time
due to their interesting structural features, unique properties
and diverse applications."™ One group of such compounds
encompasses zinc diorganophosphinates and zinc bis(diorga-
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tElectronic supplementary information (ESI) available: Details of triaryl phos-
phate synthesis combined with their FTIR, 'H and *'P NMR spectral analyses;
details of the crystal structure analysis of compound 1; selected torsion angles
and calculations of bond-valence vectors in compounds 1-3; tabulated and
graphical TGA and DTA data obtained in argon for compounds 1-3; FTIR, 'H,
3C and *'P NMR spectra as well as PXRD patterns and DSC traces of compounds
1-3; Raman spectra and PXRD patterns of the pyrolyzates of compounds 1-3;
FTIR spectra and PXRD patterns of compounds 2 and 3 after conditioning at
160 °C. CCDC 2068271-2068273. For ESI and crystallographic data in CIF or
other electronic format see DOI: https://doi.org/10.1039/d2dt00492e

This journal is © The Royal Society of Chemistry 2022

group attached to the phenyl ring; this feature can be utilized in designing new electrorheological devices.

nophosphate)s, Zn(O,PR,), and Zn[O,P(OR),],, respectively,
which tend to crystallize in the form of one-dimensional (1D)
rods or fibers consisting of infinite chains. They are built up
from Zn>" cations joined by bidentate bridging phosphoor-
ganic ligands.”™* A wide range of homopolymers comprising
only one type of bridging unit, as well as copolymers contain-
ing two different phosphorus ligands have already been inves-
tigated, and some of their structural features together with lit-
erature references are listed in Table 1. Two modes of Zn>*
cation bridging have been observed: double PO, bridges, or an
arrangement of alternating triple and single PO, bridges (see
Chart 1). However, structural analysis has revealed no clear cor-
relation between the type of organic substituent in the phos-
phate/phosphinate anion and the Zn** bridging mode adopted
in the polymer. One can only assume that the presence of
short alkyl substituents (Me, Et) or phenyl groups promotes
the formation of 2+2 structures, while longer or bulky alkyl
groups result in the 3+1 bridging mode. It is noteworthy that
for some zinc phosphinates with alkyl substituents, only fiber
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Table 1 List of disubstituted zinc phosphates and phosphinates whose
crystal structures have been determined together with the bridging
mode and literature citations

R Bridging mode Zn---Zn distance (A) Ref.
Zn[O,P(OR),],

‘Bu 3+1 9.0857 7
Me 2+2 9.3540 8
Et 2+2 9.088 5
Ph 242 8.4375 9
R(,R) Bridging mode Zn---Zn distance (A) Ref.
Zn(0,PR,), or Zn(O,PRR’),

"Bu 3+1 9.90 6
n-CeHys 3+1 9.90” 6
1-C1oHan 3+1 9.90” 6
Copolymers® 3+1 9.87 10
"Bu, Ph 3+1 10.16 11
Me, Ph 2+2 9.229 12
H, Ph 2+2 8.272 13
(CH,)(n-C3H;)CH 242 9.16” 14
“Copolymers Zn(R',PO,),_,(R*,PO,),, where R' = "Bu and R®> =

n-CgHy; or n-C;oH,;. ” Determined from fiber diffraction.

diffraction patterns were obtained and the bridging mode
between zinc cations has been inferred from the periodicity
along the Zn(O,PR;), chain, ie. the distance between symme-
trically equivalent zinc cations.

Metal diarylphosphates exhibit greater structural stability, while
derivatives bearing long alkyl groups are conformationally unstable
even at low temperatures, making it impossible to reliably deter-
mine the positions of carbon atoms in their structure.'”® The
results of our recent studies have shown that metal diorganopho-
sphates may undergo reversible structural transformations in the
solid state at temperatures below 200 °C accompanied by changes
in the conformation of their organic substituents.”'®

Recently, we have reported on the synthesis, structure and
thermally-induced structural transformations occurring in zinc

2+2 bridging mode
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bis(diphenylphosphate) (ZnDPhP). Its crystals are composed of
hexagonally packed, homochiral helices of ZnO, tetrahedra
connected by double O,P(OPh), bridges. On heating, the
ZnDPhP structure undergoes thermal expansion in a direction
perpendicular to its Z-axis, while at ca. 160 °C reversible trans-
lational movement of the chains along each other (parallel to
the Z-axis) also occurs.’

The results of electrorheological measurements showed
that ZnDPhP is also susceptible to a reversible polarization in
an external electric field, which makes it a promising candi-
date for application in the field of so-called smart materials.’
This encouraged us to modify the structure of the aromatic
group in zinc bis(diarylphosphate) by introducing either elec-
tron withdrawing or electron donating substituents in the para
position with respect to the phosphoester linkage, and investi-
gate the effect of these substituents on the structure of poly-
meric chains formed by zinc bis(diarylphosphate)s, the way
they are organized into crystalline domains, as well as some
physicochemical properties of the resulting materials. Herein,
we report the results of structural and thermal studies, as well
as DFT calculations, concerning 3 new zinc bis(diarylpho-
sphate)s with p-OC¢H,NO, (1), p-OC¢H,OCH; (2) and
P-OCgH,CO,Et (3) organic groups. Some preliminary findings
on their electrorheological properties are also discussed.

Experimental
Materials

All chemicals, except for phosphoric acid esters, were purchased
from commercial sources and used without further purification:
zinc acetate dihydrate (99%, Merck KGaA), zinc oxide (>99%,
Merck KGaA), sodium hydroxide (pure, POCh Gliwice), phos-
phorus(v) oxychloride (99%, Sigma-Aldrich), benzyltriethyl-
ammonium chloride (99%, Sigma-Aldrich), 4-nitrophenol
(>99%, Merck Schuchardt OHG), 4-methoxyphenol (>99%,

3+1 bridging mode

Chart 1 Bridging modes between Zn?* cations in zinc phosphates and phosphinates.
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Merck Schuchardt OHG), ethyl 4-hydroxybenzoate (99%,
Sigma-Aldrich), and methyl-terminated polydimethylsiloxane
(PDMS100; POLSIL®OM 100, viscosity 1 x 10~* m?* s™" at 25 °C,
Chemical Plant “Silikony Polskie” Ltd). Before use, PDMS100
was vacuum-dried (1.33 x 10~® mbar) at 120 °C for 10 h.

Synthetic protocols

Phosphoric acid esters containing aryl substituents were syn-
thesized from POCI; and the respective phenols - a detailed
description of their syntheses and basic spectral properties
can be found in the ESL

Synthesis of zinc bis[di(4-nitrophenyl)phosphate] (1). A
typical synthesis was performed as follows: ZnO (0.61 g,
7.5 mmol), tris(4-nitrophenyl) phosphate (3.38 g, 7.3 mmol)
and 10 mL of redistilled water were placed in a thick-walled
glass tube pressure reactor equipped with a magnetic stirring
bar. The mixture was heated for 3 h in an oil bath (7' = 130 °C).
After cooling to room temperature, the post-reaction mixture
was filtered off and its insoluble component was washed
several times with H,O. The clear filtrate was concentrated on
a rotary evaporator at 60 °C. The resulting solid was washed
several times with acetone and isolated via centrifugation.
Compound 1 was obtained after drying at 60 °C in a vacuum
oven (1.19 g, reaction yield: 44%).

For the purpose of X-ray crystallography measurements, 1
was recrystallized from water.

Zn[0,P(0-4-CcH4NO,),], (1). Found: C, 38.87; H, 2.22; N,
7.63%. Calc. for Cp,H,6N,O16P,Zn0: C, 38.76; H, 2.17; N, 7.53%.
The following spectral data for 1 can be found in the ESI:}
FTIR (neat sample, Fig. $17), as well as 'H, *C and *'P NMR
in DMSO-d¢ (Fig. S2, S3 and S4,} respectively). The PXRD
pattern of the as-synthesized sample of 1 closely resembles the
one simulated based on a single crystal X-ray measurement
(Fig. S5 in the ESIt), especially at the lower values of 20 angle -
the observed differences can be solely ascribed to the poor
crystallinity of the former and different temperatures applied
during each measurement.

Synthesis of zinc bis[di(4-methoxyphenyl)phosphate] (2).
ZnO (0.50 g, 6.1 mmol), tris(4-methoxyphenyl) phosphate
(5.33 g, 12.8 mmol) and 15 mL of redistilled water were placed
in a thick-walled glass tube pressure reactor equipped with a
magnetic stirring bar. The mixture was heated for 3 h in an oil
bath (T = 130 °C). After cooling to room temperature, the post-
reaction mixture was transferred to a conical flask and diluted
with 100 mL of water/acetone (1:4 v/v) mixture. After stirring
for 1 hour the dispersion was centrifuged and the separated
clear liquid phase was concentrated on a rotary evaporator at
60 °C. The crude solid product was purified by washing with
acetone and dried at 60 °C in a vacuum oven resulting in
2.00 g of compound 2 (reaction yield: 48%).

For the purpose of X-ray crystallography measurements, 2
was recrystallized from a water/acetone (1 : 4 v/v) mixture.

Zn[O,P(0-p-C¢H,OMe),], (2). Found: C, 49.16; H, 3.65%.
Calc. for CygH»501,P,Zn: C, 49.18; H, 4.13%. The following
spectral data for 2 can be found in the ESL:f FTIR (neat
sample, Fig. S67), as well as 'H, *C and *'P NMR in DMSO-d

This journal is © The Royal Society of Chemistry 2022
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(Fig. S7, S8 and S9,} respectively). The PXRD pattern of the as-
synthesized sample of 2 contains reflections observed in the
PXRD simulated from a single crystal X-ray measurement
(Fig. S10 in the ESIt) indicating large homogeneity and purity
of the former.

Synthesis of zinc bis{di[4-(ethoxycarbonyl)phenyl]phos-
phate} (3). Zinc acetate dihydrate (0.40 g, 1.8 mmol), tris[4-
(ethoxycarbonyl)phenyl] phosphate (2.00 g, 3.7 mmol) and
10 mL of redistilled water were heated for 3 hours (oil bath, T
= 130 °C) in a thick-walled glass tube pressure reactor
equipped with a magnetic stirring bar. After cooling to room
temperature, the post-reaction mixture was concentrated on a
rotary evaporator at 60 °C followed by washing of the solid
residue with diethyl ether (4 x 40 mL) and water (4 x 35 mL,
isolation via centrifugation). Drying of the insoluble product at
60 °C in a vacuum oven gave crystalline compound 3 (0.97 g,
reaction yield: 62%) — one of the obtained crystals was chosen
for X-ray crystallography measurements.

Zn[0,P(0-p-C¢H,C(0)OEL),], (3). Found: C, 48.20; H, 3.71%.
Calc. for C34H36046P,Zn: C, 50.75; H, 4.26%. The following spec-
tral data for 3 can be found in the ESL{ FTIR (neat sample,
Fig. S111), as well as 'H, *C and *'P NMR in DMSO-d, (Fig. S12,
S13 and S14,} respectively). The PXRD pattern of the as-syn-
thesized sample of 3 contains reflections observed in the PXRD
simulated from a single crystal X-ray measurement (Fig. S15 in
ESIT) indicating large homogeneity and purity of the former.

Methods of characterization

Elemental analysis. The hydrogen, nitrogen, and carbon
contents in zinc bis(diarylphosphate)s were determined using
an Elementar Analysensystem GmbH VARIO EL III instrument —
the measurements were carried out at 1150 °C under a helium/
oxygen atmosphere.

In the case of triaryl phosphates, elemental analyses for C,
H and N were performed using a Euro EA elemental analyser
made by EuroVector Instruments & Software.

X-ray crystallography. Single crystals suitable for crystal
structure determination were selected under a polarizing
microscope for all investigated compounds. Their diffraction
data were collected with graphite-monochromated Mo Ka radi-
ation on a Gemini A Ultra Rigaku Oxford Diffraction diffract-
ometer operating in the x geometry and equipped with an
Atlas CCD detector. The crystals were mounted in nylon loops
(1 and 2) with inert oil or glued to a glass capillary (3). The
data collection and data reduction were carried out using the
CrysAlis™© software suite.’® Due to the high mosaicity of the
compound 1 single crystal, the standard procedure of data
reduction yielded poor diffraction data. Reducing the size of
masks for data integration to half of the default size allowed
better data to be obtained and, consequently, a satisfactory
structural model. Crystal structures were solved by direct
methods using SHELXS-97 and refined by full-matrix least-
squares minimizations using SHELXL.'”'® All non-hydrogen
atoms were refined anisotropically and hydrogen atoms were
introduced in calculated positions and refined as riding
atoms. Crystal structure solution and refinement were carried
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out in the Olex2 suite.'® Crystal structure analysis was per-
formed using PLATON.*® The crystal structure of polymer 2
exhibits disorder in one of the p-CcH,OCH; groups.
Crystallographic data for the structures reported in this paper
have been deposited in the Cambridge Crystallographic Data
Center with CCDC numbers: 2068271 (compound 1), 2068272
(compound 2) and 2068273 (compound 3).t Tables 2 and S1-
S4 (ESIf) contain crystal structure and structure refinement
details for compounds 1-3. Raw diffraction data are available
at https://doi.org/10.5281/zenod0.6346906.

Powder XRD analysis. PXRD patterns were recorded at room
temperature on a Bruker D8 Advance automated diffractometer
equipped with a Lynx-Eye position-sensitive detector using
Cu-Ka radiation (1 = 1.5406 A). The data were collected in
the Bragg-Brentano (6/26) horizontal geometry (flat reflection
mode) between the 20 angles of 3° and 60° in steps of 0.03°,
with 10 s per step.

Fourier-transform infrared (FTIR) spectroscopy. FTIR spectra
were recorded on a Thermo Scientific Nicolet iS5 spectrometer
equipped with an iD7 diamond attenuated total reflectance
accessory. All sample or background spectra consisted of 16
scans (1.6 s per scan).

Raman spectroscopy. Raman spectra were recorded on a
Thermo Scientific Nicolet Almega XR spectrometer equipped
with a 532 nm laser. Data acquisition (10 expositions, 4 s per
exposition) and analysis were performed using OMNIC software.

Table 2 Crystal structure determination details for compounds 1-3
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NMR spectroscopy. 'H, C and *'P NMR spectra were
recorded in DMSO-ds; solution on a Varian NMR System
500 MHz spectrometer operating at 499.87, 126 and
202.35 MHz, respectively. Chemical shifts are reported relative
to the residual solvent signal ("H, '°C) and 85% H3POy(q) (*'P).

Differential scanning calorimetry (DSC). DSC measurements
were conducted on a TA Instruments DSC Q200 apparatus.
Unless stated otherwise, the following temperature program was
applied: heating run from —100 °C to 200 °C followed by cooling
run to —100 °C. This program was performed two (for com-
pound 3) or three times (for compounds 1 and 2) and during all
heating/cooling runs the temperature was changed at a rate of
10 °C min~". In the case of compound 1 the upper limit of temp-
erature during heating runs was increased to 270 °C.

Simultaneous Thermal Analysis (STA). Thermal degradation
under an inert atmosphere, volatile thermal decomposition pro-
ducts and thermal effects of the processes occurring during
heating were studied by thermogravimetry (TG) coupled with
differential thermal analysis (DTA) and quadrupole mass spec-
trometry (QMS) using a Netzsch STA 449 C Jupiter apparatus
coupled with a Netzsch QMS 403C Aeolos quadrupole mass
spectrometer. The samples were placed in Al,O; crucibles and
heated in a stream of argon (flow rate of 90 mL min~") from
30 °C to 800 °C at a heating rate of 5 °C min™".

Melting temperature analysis. The behaviour of samples
during heating was visually observed on a Gallenkamp variable

Identification code 1 2 3

Empirical formula C,4H16N,046P,Zn C,gH,501,P,Zn C36H36016P2Zn

Formula weight 743.72 683.81 851.96

T/K 100.0(2) 292(2) 295(1)

Crystal system Orthorhombic Monoclinic Triclinic

Space group Pna2, C2/c P1

al/A 7.54290(10) 48.8388(9) 8.8426(2)

b/A 12.0207(2) 9.85200(12) 14.6002(3)

c/A 30.3806(5) 25.1299(4) 17.1931(3)

al° 90 90 112.6738(18)

Bl 90 99.8669(16) 95.5240(16)

¥l° 90 90 102.3836(19)

VIA® 2754.64(7) 11912.7(3) 1960.67(8)

zZ 4 16 2

Peate/g cm™? 1.793 1.525 1.443

p/mm-— 1.098 0.995 0.779

F(000) 1504.0 5632.0 880.0

Crystal size/mm’® 0.99 x0.12 x 0.11 0.31 x 0.12 x 0.094 0.98 X 0.20 X 0.12

Radiation Mo Ka (4= 0.71073) Mo Ka (4= 0.71073) Mo Ka (4 = 0.71073)

26 range for data collection/® 6.38 to 52.04 6.51 to 60.00 6.65 to 60.00

Index ranges -9<h<9 —68<h<68 -12<h<12
-14<k<14 -13<k<13 —20</k<20
-37<1<37 -35<1<34 —24<[<24

Reflections collected 50 852 76 595 116 037

Independent reflections

5436 [Rine = 0.1039,
Ryigma = 0.0365]

Data/restraints/parameters 5436/25/425

Goodness-of-fit on F* 1.033

Final R indices [I > 26(I)] R, =0.0901
WR, = 0.2304

Final R indices [all data] R, =0.0910
WR, = 0.2321

Residual density: max/min/e A~ +1.79/-1.34

Flack parameter 0.50(3)

6738 | Dalton Trans., 2022, 51, 6735-6746

17 317 [Rine = 0.0346,
Ryigma = 0.0246]

11434 [Rype = 0.0493,
Ryigma = 0.0236]

17 317/0/857 11 434/0/500
1.035 1.032

R, = 0.0316 R, = 0.0381
WR, = 0.0800 WR, = 0.0934
R, = 0.0376 R, = 0.0563
WR, = 0.0838 WR, = 0.1048
+0.49/—0.40 +0.55/—0.34

This journal is © The Royal Society of Chemistry 2022
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heater, model MPD350.BM2.5. Each sample was placed in a
glass capillary tube (outer diameter 1.35 mm and sample
height ca. 2 mm).

Electrorheological (ER) analysis. ER measurements of liquid
suspensions containing 20 wt% of the prepared compounds
mixed with dry PDMS100 were conducted using an Anton
Paar Physica MCR 301 rotational rheometer. A parallel plate
measuring system composed of a P-PTD/200E ER cell and
a PP50/E/T] plate (diameter of 50 mm, measuring gap of
0.5 mm) was utilized. The voltage was applied from a F.u.G
Elektronik GmbH HCL 14-12500 DC high-voltage power
supply via a low-friction spring wire. The ER behaviours of
the investigated materials were studied at 20 °C with or
without an external electric field E of 2 kv mm™, each
measurement was repeated 3 times. The samples subjected to
analysis were prepared in a porcelain mortar by mechanically
mixing 5.00 g of PDMS100 and 1.25 g of the respective
compound.

DFT computations. DFT computations of the model chains
were carried out with periodic boundary conditions using
atomic-centered Gaussian basis sets, as implemented in
CRYSTAL09 software.”** The B3LYP correlation-exchange
functional was applied, corrected for dispersion interactions
with D2 Grimme correction optimized for solid-state compu-
tations by Civalleri (B3LYP-D* model).>* > An XL grid was
used for charge integration in real space and 86-411d31G,*®
85-21d1G,”” 6-31d1,”® 3-1p1G*® and 6-21G**° basis sets were
used for Zn, P, O, H and C atoms, respectively. Self-consistent
field (SCF) computations were considered converged when the
energy difference between consecutive steps was smaller than
1077 a.u., while geometry optimisations were carried out until
the energy difference, root mean square (RMS) on forces acting
on atoms and RMS on estimated displacements of atoms were
smaller than 1077 a.u., 15 meV A" and 0.01 A, respectively.
SCF convergence was sped up by the modified Broyden
method.?>**' Geometry input for the computed model chains
of (Zn[O,P(OMe),],) having 2+2 or 3+1 bridging modes, was
prepared based on the data derived from experimental crystal
structures of zinc bis(dimethylphosphate) (YISDAF refcode in
the Cambridge Structural database) or zinc bis(di-tert-butyl-
phosphate) (NAKQAR refcode in the Cambridge Structural
database), respectively - in the latter case ‘Bu groups were
replaced with Me groups.®* Four models of (Zn[O,P(OPh),],)
chains were also optimized starting from the crystal structures
of the herein described compounds 1-3, where the substitu-
ents in aryl groups were replaced by hydrogen and starting
from the previously published (Zn[O,P(OPh),],) (OMIGAV
refcode in the Cambridge Structural database).” Afterwards,
the structure of the chains was optimized.

Results and discussion
Crystal structures

The results of X-ray crystallography show that compounds 1-3
are linear coordination polymers and crystallize in Pna2,, C2/c

This journal is © The Royal Society of Chemistry 2022
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(33 0% §
c32 X

Fig. 1 Asymmetric units of crystal structures of compounds: (a) 1, (b) 2
(only the major disorder component of one of the p-CgH,OMe groups is
shown) and (c) 3. Thermal ellipsoids drawn at the 50% probability level.
Hydrogen atoms are omitted for clarity.

and P1 space groups, respectively. Zn>" cations are tetrahed-
rally coordinated by four diarylphosphate anions, each of
which is shared by two Zn>" cations (see Fig. 1 for asymmetric
units). Polymeric chains are formed by connecting adjacent
Zn>" cations with double O-P-O bridges coming from
different diarylphosphate anions in compounds 1 and 3.
This mode of cation linking is analogous to that observed in

Dalton Trans., 2022, 51, 6735-6746 | 6739
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[g]

Fig. 2 Polymeric rods present in the crystal structures of compounds (a) 1, (b) 2 and (c) 3. Zinc and phosphorus are depicted as blue and violet tet-
rahedra, respectively. Aryl substituents are represented in a wireframe model with carbon, nitrogen and oxygen coloured grey, blue and red, respect-

ively. Hydrogen atoms are omitted for clarity.

Zn[0,P(OPh),], ° and different from the one present in polymer
2 where alternating triple and single O-P-O bridges occur (see
Fig. 2). Consequently, the linear chains in 2 exhibit the sym-
metry of the p1 rod group while the symmetry of those in 1 and
3 is higher and corresponds to the pc11 and p1 rod groups,
respectively.

The distance between the adjacent Zn centers strictly
depends on the number of diorganophosphate bridging units:
in the case of the 2+2 bridging mode it is in the range of
4.329-4.425 A, whereas for the alternating single and triple
0,P(OR), bridges it becomes 6.041 and 3.913 A, respectively.
The coordination around phosphorus is distorted tetrahedral
since the P-O bond lengths range from 1.474 to 1.502 A for
oxygen ligands bonded to zinc and are distinctly shorter than
those involving oxygen atoms bonded to aryl groups
(1.573-1.606 A). The O-P-O bond angles in the bridges
between Zn>" cations are larger (117.4-120.3°) than other O-P-
O angles (100.6-112.2°). ZnO, tetrahedra are also distorted
with the Zn-0 bond lengths ranging from 1.904 to 1.960 A.

The deviation in the geometry of the PO, and ZnO, tetrahe-
dra from that of a regular tetrahedron, as well as the resulting
structural stresses within 1-3 chains can be quantified by
means of the bond-valence vector (BVV) model.** In Table S5
(ESIT) the lengths of the resultant bond-valence vectors for
each crystallographically independent phosphorus (|vp|) and
zinc (|vz,|) center in compounds 1-3 are compared to an ana-
logous set of data for ZnDPhP already published in ref. 9. The
calculated values of |vp| and |vg,| are rather low and do not
exceed 0.08 valence units. Taking that observation into
account, as well as the estimated error of the BVV model one
can assume that the type of organic substituent connected to
the phenyl ring has a very limited impact on the strains gener-
ated within the PO, and ZnO, tetrahedra. The greatest defor-
mations occur in the case of 1, however, they are on a compar-
able level with those observed in ZnDPhP, though the strains
of ZnO, tetrahedra in 1 are more pronounced.

Analysis of the C-O-P-O torsion angles indicates that the
aromatic substituents in compounds 1-3 adopt different con-
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formations than those present in ZnDPhP. In the latter, the
phenyl groups connected to two crystallographically non-equi-
valent phosphorus centers are in a gauche-trans (G T) confor-
mation (based on the data deposited in the Cambridge
Crystallographic Data Center with CCDC number 1472713 di-
hedral angles of either —71.7° and 152.4° or —74.3° and
—164.8°),>" according to the stereochemical convention rec-
ommended by TUPAC.?*> Our studies on compounds 1-3 show
that the presence of a substituent at the para position of the
aromatic ring promotes the formation of gauche conformers
(torsion angle moduli between 55° and 74°). As can be seen
from the data presented in Table S4 (ESIf), in 1 and 3 the
organic substituents are attached to two crystallographically
non-equivalent phosphorus atoms in G'G'/G'G" and G"G~/
G T conformations, respectively. In compound 2, three of four
phosphorus centers have their organic substituents in a
gauche-gauche conformation: G"G™ in the case of phosphorus
forming a single bridge, and G'G" for the phosphorus ligands
forming a triple bridge; the remaining one is characterized by
a G'T mode. It is worth noting that the latter is also the most
structurally strained, according to the BVV calculations. A very
similar relationship between the deformation of the PO, tetra-
hedra and conformational arrangement of the organic substi-
tuents has been previously observed for aluminum tris(diethyl-
phosphate).>® However, at this stage of investigation it is too
early to decide whether the conformations of organic groups
in compounds 1-3 correspond solely to the lowest energy state
of a single zinc bis(diarylphosphate) chain, or if they are
forced by intermolecular interactions.

The polymeric chains in compound 1 are linked into layers
parallel to the (001) lattice planes by interdigitated p-C¢H4NO,
groups (see Fig. 3 and Table S1 in the ESI} for details) and C-
H.-O hydrogen bonds (C5-H5---012' and C17-H17---015',
where i = -1 + x, 1 — y, z; for details see Table S2 in the ESI}). It
is noteworthy that those chains are stiffened by =n-stacking
between other p-CcH,NO, groups (see Table S3 in the ESIf for
details). The layers interact via C-H---O hydrogen bonds (C2—
H2---013", C9-H9---014" and C23-H23---010", where iii =1 —

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Packing diagrams of crystal structures of compounds (a) 1, (b) 2 and (c) 3. Zinc and phosphorus are depicted as blue and violet polyhedra,
respectively. Aryl substituents are represented in a wireframe model with carbon, nitrogen and oxygen coloured grey, blue and red, respectively.

Hydrogen atoms are omitted for clarity.

1 1
Xy _§+y’§

z; see Table S2 in the ESI} for details) and dispersion inter-
actions to form a 3D structure. Compound 1 crystallizes in the
form of elongated columns with the largest dimension parallel
to the crystallographic X axis and the other two dimensions
very similar to each other, which indicates that the interactions
within the layers and between them are very similar in terms
of energy.

The chains of Zn[O,P(OC¢H,0OMe),], in the crystal structure
of compound 2 interact via n-stacking between phenyl rings to
form double chains running along the crystallographic [010]
direction (ring of C43C44C45C46C47C48; Cg---Cg"l = 3.8559
(13) A, dihedral angle of 0.00(10)° and slippage of 1.881 A,
where viii =1 — x, 2.5 — y, 1 — z and Cg stands for the centroid).
The double chains interact via dispersion interactions assisted
by weak directional C-H:--O hydrogen bonds to form the
crystal structure (see Fig. 3). Interestingly, 2 is the only one
among the studied compounds, in which each polymeric

tzandiv=-x,1-y,1+zandv=1-x —1+y -1+

This journal is © The Royal Society of Chemistry 2022

chain is surrounded by only 4 closest chains. In other com-
pounds distorted hexagonal packing is observed, with 6 closest
chains neighbouring a central one.

A detailed analysis of the crystal structure of compound 3
revealed that there are no significant directional interactions
between polymeric chains of Zn[O,P(OC¢H,CO,Et),], in
addition to isotropic dispersion interactions and, conse-
quently, every chain is surrounded by 6 closest neighbours
(see Fig. 3).

DFT computations

Interestingly, zinc bis(diorganophosphate)s form either doubly
bridged chains or chains with alternating single and triple
bridges (see Table 1). In order to understand this, we have
optimized and computed energies of two hypothetical chains
of Zn[O,P(OMe),],, one with double and the other with alter-
nating single and triple O,P(OMe), bridges. We have also opti-
mized the structures of hypothetical Zn[O,P(OPh),], chains

Dalton Trans., 2022, 51, 6735-6746 | 6741
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Table 3 DFT-computed relative energies of hypothetical Zn[O,P
(OMe),l, and  Zn[O,P(OPh),l, polymeric chains with various
conformations

Source model Bridging mode Relative energy (kJ mol™")
(Zn[O,P(OMe),],)

YISDAY 2+2 0

NAKQAR 3+1 67

(Zn[O,P(OPh),],)

OMIGAV 2+2 0

1 2+2 4.0

3 2+2 107

2 3+1 135

whose structures have been derived from 1-3 and from the pre-
viously published ZnDPhP° (see details in the “Methods of
characterization” section).

The general observation from the DFT calculation results
(Table 3) is that the 2+2 bridged chains exhibit lower energies
than the 3+1 bridged ones. However, the 2+2 bridging mode
leads to a wide variety of chain conformations, which can vary
in energy by as much as 110 k] mol™" in the case of the
hypothetical structure of zinc bis(diphenylphosphate). We
suspect that the large differences in the individual chain ener-
gies must be compensated for in crystal structures by two
factors. Firstly, it must be stressed that the models were
obtained by removing functional groups from the phenyl
rings. The interactions between these groups may stabilize
such chain conformations and may actually even be the
driving force for the adoption of the conformations unfavor-
able for unsubstituted phenyl rings. Secondly, intermolecular
interactions between the chains in crystal structures may
further stabilize the conformations. Our studies on the
thermal properties of compounds 1-3 prove that such strong
interactions, as well as modification of their strength, can
affect other properties of zinc bis(diarylphosphate)s.

Thermal properties

The results of STA analysis (Fig. S16A and S17 and S18,
Table S6 in the ESIt) indicate that thermal decomposition of
the investigated zinc bis(diarylphosphate)s begins at
260-290 °C. They are more thermally labile than their ana-
logue with unsubstituted phenyl rings (ZnDPhP),° which is
especially evident when such criteria for thermal stability of
materials as Togy,, Tos0, (temperatures corresponding to 2%
and 5% weight loss, respectively) or Tonsee (the extrapolated
onset temperature of degradation) are considered. Generally,
in the case of 1-3 these temperatures are ca. 24-100 °C lower
than those characteristic for ZnDPhP. This difference becomes
even smaller, reaching values of 0-23 °C, if a bend point on
the respective TG curves is analyzed (T}, in Table S6, ESIT) indi-
cating that on heating under the same process conditions zinc
bis(diarylphosphate)s start losing their weight at almost the
same temperature region independent of the functional
groups attached to the phenyl ring. However, the overall shape
of thermogravimetric curves, especially the number and width
of peaks observed on the dTG curves, suggests that the
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thermal decomposition of 1-3 proceeds faster and in a less
complicated way than that of ZnDPhP.” From that point of
view polymer 1 stands out among zinc bis(diarylphosphate)s
investigated so far, since within the tested temperature range
it undergoes pyrolysis in a single, quick step (the extrapolated
onset and endset temperatures differing by less than 0.5 °C,
see Table S6 in the ESIf). Moreover, the evolution of heat is
observed during this process, as indicated by a sharp exother-
mic peak located at ca. 384 °C in the DTA curve of 1 (see
Fig. S16A in the ESIf) - in the case of 2 and 3 only the
endotherms appear (see Fig. S17 and S18 in the ESI,} respect-
ively). Such behaviour of 1 is understandable given that the
nitro group is one of the most common explosophores.

Mass spectrometry of the evolved gases revealed the com-
plete lack of any QMS peaks above the m/z value of 45 during
the pyrolysis of compounds 1-3. A common feature of their
QMS spectra (Fig. S16B and C, S19 and S20 in the ESI{) is the
presence of signals characteristic of carbon dioxide (m/z = 44),
carbon monoxide (m/z = 28, also detected in the mass spec-
trum of CO,), and water (m/z = 17 and 18),%” which could be
identified as main gaseous products during thermal degra-
dation of 1-3. It should be noted that some additional OMS
peaks are also introduced into mass spectra due to the specific
thermal transformations of functional groups attached to the
aromatic ring. For example, in the case of pyrolysis of 1 one
can observe the signal of the nitrosonium cation NO" (m/z =
30) that can be ascribed to the fragmentation of either nitric
or nitrous oxide,>” while the QMS spectrum of 2 contains an
easily distinguishable peak of the methyl cation (m/z = 15).
The absence of any QMS signals derived from volatile phenol
or phosphorus-containing species (e.g., PO, PO,, HOPO, or
HOPO,)*® and a substantially high carbon content in the solid
residue of pyrolysis (22.00, 35.94 and 29.00 wt% for pyrolyzates
of 1, 2 and 3, respectively), suggest that the C-O bond splitting
is more favored than the P-O bond cleavage, while subsequent
condensation into polyaromatic moieties proceeds more
efficiently in comparison with ZnDPhP pyrolysis. Interestingly,
these differences have a limited impact on the structure of the
solid residues from the pyrolysis of 1-3, with their carbon-
aceous components being the least affected. Based on the
similarities in the shape of Raman spectra (see Fig. S21 in the
ESI) one can assume that it consists of nanographene® or
graphene oxide in its pristine or reduced form,*** just like in
the case of the ZnDPhP pyrolyzate.” A complementary PXRD
analysis (Fig. $22-S24 in the ESIt) revealed the presence of
crystalline domains of zinc condensed phosphates, mainly a
mixture of zinc metaphosphates and/or zinc pyrophosphates.
It should be noted, however, that due to a significant amount
of the amorphous phase, revealed by a characteristic broad
halo occurring around 26 = 24° on the PXRD baseline, as well
as rather small dimensions of the crystallites forming the
samples resulting in substantial widening of PXRD reflections,
not all crystalline phases could be identified in the pyrolyzates
of compounds 1-3.

A distinct differentiation in the behavior of compounds 1-3
also occurs below their thermal stability limit. In the respective

This journal is © The Royal Society of Chemistry 2022
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DTA and DSC curves (Fig. S16-S18 and S25-S27 in the ESI,T
respectively) single endothermic signals can be detected at ca.
245 °C (for 1) and ca. 150 °C (for 2 and 3). Optical observations
and thermogravimetry indicate that they originate from pro-
cesses occurring either in the solid state (for 1 and 2), or invol-
ving the solid — liquid phase transition (3). The origin of those
peaks and their exact position on the temperature scale can be
explained in terms of the energy of intermolecular interactions
existing between neighboring Zn[O,P(OR),], chains, just as in
the case of previously reported ZnDPhP.’ Strong interchain
interactions (e.g., n-stacking and hydrogen bonding) lead to a
less labile and more compact crystal structure of compound 1,
in which one has to overcome a larger energy barrier (apply
higher temperature) to initiate any translational movement of
the polymeric chains than in compounds 2 or 3. Since no
visual change in the physical state of 1 was observed up to the
decomposition temperature, one can assume that during the
endotherm centered at 245 °C on the DSC curve (Fig. S25 in
the ESIt) only a limited reorganization of the polymeric chains
is possible - the interactions between organic groups are
strong enough, even if weakened by temperature, to prevent
full translation of the adjacent chains of 1. It should be noted
that this endotherm is accompanied by an exothermic peak
appearing at ca. 201 °C on the cooling curve, which is a strong
indication of the reversibility of structural reorganization
within 1. We were unable to precisely determine whether the
original structure of 1 was restored, or some new crystal phase
formed during cooling. However, the former explanation
seems to be more likely because during a subsequent heating
run, one can observe another endotherm which closely
resembles (in terms of the enthalpy value and position) the
one observed in the 1% heating DSC curve. The same behavior
was previously reported in the case of ZnDPhP, for which a
complete restoration of the original structure was proved by
means of PXRD analysis.’

In contrast, much weaker interactions must exist between
chains of compound 3 since they require less thermal energy
to initiate translation - one can assume that the energy of
these interactions must be on a comparable level with those in
ZnDPhP since transformation occurs at almost the same temp-
erature (ca. 150 °C in 3 versus ca. 160 °C in ZnDPhP). However,
a detailed analysis by means of DSC (Fig. S26 in the ESI{) and
PXRD (Fig. S15 in the ESIT) suggests that the presence of the
sterically bulky ethoxycarbonyl groups attached to the phenyl
ring makes it more difficult for polymeric chains of 3 to
rebuild their interactions, thus it becomes an isotropic liquid
once the translation movement is possible. Such a hypothesis
is also supported by the fact that the melted sample of 3
undergoes complete amorphization, even when cooled at a
moderate rate (e.g., 10 °C min~"), rather than rearranging itself
once again into a crystalline phase - in the DSC curve of the
ond heating run one can only observe glass transition tempera-
ture (ca. 8 °C) and no other thermal effects. However, it should
be noted that one cannot exclude the possibility of slow recrys-
tallization of 3 from its glass state in a time span larger than
that of a standard DSC measurement.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

The energy of interchain interactions in 2 is on a similar
level as in 3 or ZnDPhP, because, when heated, its crystalline
sample gives rise to an endothermic signal positioned on the
DSC curve (Fig. S27 in the ESIT) at almost the same temperature
(ca. 150 °C) as in the latter two. However, the behavior of 2 after
that transition distinguishes itself from 3 since the former
remains solid (as indicated by visual observation), and on
cooling undergoes only partial amorphization. Interestingly, a
sample of compound 2 previously subjected to thermal treat-
ment (e.g., heating to 200 °C and then cooling to room tempera-
ture), during the subsequent DSC heating run exhibits effects
usually detected in any semicrystalline organic polymer, e.g. an
inflection of the heating curve (at ca. 3 °C) ascribed to glass
transition, an exotherm located at ca. 73 °C (the equivalent of
cold crystallization), and a large endothermic peak with
maximum few tens of degrees Celsius above the latter (the equi-
valent of melting, however, in the case of 2 no such transform-
ation was visually observed). As can be seen in Fig. S27 (ESI}),
both the position and thermal effect of this endothermic signal
change after the first DSC heating run of 2: the maximum temp-
erature and enthalpy decrease from 150.4 °C to 127.5 °C and
75.23 k] mol™" to 55.82 k] mol™", respectively. Moreover, this
solid-solid high-temperature transformation is irreversible,
since it is detected solely on the 1% heating curve, with no
corresponding exotherm appearing during cooling. It is worth
noting that the 2"® and 3™ heating runs do not alter the shape
of the respective DSC curves significantly. A plausible expla-
nation of the aforementioned phenomena might be the exist-
ence of two different modes of arrangement of polymeric
chains of 2 in the solid state — a fact similar to the one pre-
viously reported for ZnDPhP.’ It seems that the conditions pre-
vailing during the synthesis (e.g., the reaction carried out in a
polar solvent and proceeding via the self-assembly of small
building blocks: Zn>* cations and diarylphosphate anions) favor
the formation of a metastable structure (the one identified in
the studied single crystal of 2), while the generation of the other
crystal phase is hindered due to some kinetic factors. However,
after crossing a certain energy barrier above which translational
movement of the polymeric chains becomes possible, the pris-
tine, metastable phase is destroyed (thus amorphization of the
sample), while some part of it reorganizes into a more thermo-
dynamically stable structure of 2. The formation of this second
crystalline phase looks to be much more preferred if there are
only polymeric chains of 2 irregularly dispersed in the system,
as it is the sole product of the exothermic process occurring
upon heating the previously amorphized sample. At this point it
should be noted that the concept of a dual thermal transform-
ation of the as-synthesized crystal phase of 2 could explain the
observed discrepancies between the values of enthalpy of the
endothermic and exothermic transitions proceeding on the DSC
2" heating run: if the domains responsible for the 127.5 °C
endotherm were formed solely during the preceding exothermic
process both enthalpies should be equal, whereas in fact the
one characterizing an endotherm is higher by ca. 18 k] mol ™" -
this suggests that a part of them had to be present within the
sample before the exothermic process.
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The results of the PXRD analysis of 2 before and after
thermal treatment (Fig. S28 in ESIt) generally support the con-
clusions drawn from DSC tests. As can be seen, the diffraction
signals ascribed to the crystalline domains of the pristine
phase of 2 are becoming wider or disappear (a clear sign of
amorphization) after conditioning the sample at 160 °C fol-
lowed by its rapid cooling to room temperature. On the other
hand, one can also observe the emergence of some new reflec-
tions suggesting new structural order within the crystalline
fraction of the sample. It is worth noting that these new reflec-
tions are situated very close to the positions of those related to
the pristine phase of 2 which suggests that there is a great
similarity in the structure of both phases. Keeping such a
sample for a long time (up to 4 days) at room temperature
does not significantly alter its internal structure and the shape
of PXRD patterns (see Fig. S29 in the ESIf), probably due to
the proximity to the glass transition point and the resulting
low mobility of polymeric chains. Only conditioning above the
temperature of the DSC exotherm could increase the crystalli-
nity of the sample (see Fig. S28 in the ESI¥).

Electrorheological properties

The results of our previous studies showed that the presence of
the electron-rich phenyl rings within the polymeric chains of Zn
[O,P(OR),], can endow their particles with interesting pro-
perties, e.g., the ability of spatial organization under an external
electric field (EEF).° We suspected that the attachment of substi-
tuents exhibiting different inductive and/or mesomeric effects
should influence this behavior by changing electron cloud dis-
tribution within the phenyl group. This prompted us to carry
out some preliminary studies on the ER properties of the
20 wt% dispersions of compounds 1-3 in silicone oil.

As can be seen from data presented in Fig. 4 (flow and vis-
cosity curves), particles of compounds 1-3 are susceptible to
reorientation in EEF, however, they differ in terms of the direc-
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Table 4 Averaged relative change of viscosity at shear rates above

100 s7* (Ay190) in the PDMS100-based dispersions containing 20 wt%
of 1-3

Dispersion of compound

1 2 3

An100° (%) 69(3) -23(1) -8(1)
— n .
@ (Anayg) =17t x 2{100 X (Mg = Mixer) X Miret *} where: ;5 is the

l
EEF-induced viscosity measured at a given shear rate i ({ > 100 s*) and
E=2kvmm™ 7;ret 1S the reference viscosity determined at the same
shear rate i but without EEF (E = 0 kv mm™"); n is the total number of
shear rate values tested at a given E.

tion in which the changes in viscosity or shear stress take
place. In the case of 1, which contains strongly electron-with-
drawing NO, groups, the application of EEF gives rise to a
positive ER effect, since the measured values of both shear
stress and viscosity are increased: Table 4 shows that at shear
rates above 100 s the activation of EEF results in an averaged
relative change in the viscosity of this dispersion (A7 o) of
ca. 69%. Such behavior clearly distinguishes compound 1 from
ZnDPhP® as well as the other two investigated compounds
that contain OMe or CO,Et functionalities at the phenyl ring,
all of which decrease their viscosity under the influence of EEF
(a negative ER effect). Table 4 suggests that the dispersion of 2
is more susceptible to EEF than the one based on 3, since in
their cases the calculated values of Az ,,, are equal to —23%
and —8%, respectively.

Conclusions

The crystal structures of three new zinc bis(diarylphosphate)s
have been determined. They consist of polymeric chains of tet-

(b)

7 =& =&~ == 2 kV mm™’
0 =0 <>+ 0kV mm~'

0.801

Viscosity (Pa s)

400
Shear rate (s™)

Fig. 4 Electrorheology. ER flow (a) and viscosity (b) curves measured at E = 0 kV mm™ (blank symbols) or E = 2 kV mm™ (filled symbols) for
PDMS100 dispersions containing 20 wt% of: 1 (red lines and squares), 2 (blue lines and circles), and 3 (green lines and diamond symbols). ER

measurements conducted at 20 °C.
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rahedrally coordinated zinc cations bridged by O,P(OCsH4R),~
anions. Zinc bis(diarylphosphate) containing a p-methoxyphe-
nyl group stands out among the studied compounds as it exhi-
bits the 3+1 bridging mode of phosphate anions and within its
structure each polymeric chain is surrounded by 4 closest
neighbours. Conversely, the nitro- and ethoxycarbonyl-substi-
tuted compounds exhibit the 2+2 bridging mode of anions
and distorted hexagonal packing of 6 neighbouring chains.
The presence of substituents in the para positions of the
phenyl ring affects the spatial organization of organic groups
around phosphorus centers in compounds 1-3, while it has
only a limited effect on the geometry and structural strains
within the PO, and ZnO, tetrahedra. DFT computations of the
individual chains of compounds 1-3 revealed that the 2+2
bridged chains exhibit lower energies than the 3+1 bridged
ones. Since the latter mode is adopted in the case of com-
pound 2 having small alkoxy functionalities rather than the
one with more bulky ester groups, it seems that steric crowding
introduced by the organic groups attached to the phenyl ring
has no effect on the way in which the ZnOPO polymer back-
bone in zinc bis(diarylphosphate)s is formed. This finding
contrasts with the results of previous studies on disubstituted
zinc phosphates and phosphinates (see Table 1); however, this
difference may result simply from a larger distance between
the center of steric hindrance and the Zn-O-P-O-Zn bridges.
We think that the presence of the 3+1 system in compound 2
may be ascribed to the strong electron-donor effect of the
OCHj; group, but this hypothesis needs further verification.

Additional organic substituents attached to aromatic rings
significantly affect the interactions between neighbouring
chains and the way they self-organize into crystalline domains.
Particularly strong interactions existing between the CeH,NO,
groups of 1 (e.g., n-stacking and hydrogen bonding) are respon-
sible for the formation of a crystalline phase more resistant to
thermal transformations (structural reorganisation on heating)
than the other two investigated compounds, or ZnDPhP.
Nevertheless, the results of some current work carried out in our
research group indicate that those processes could be respon-
sible for the catalytic activity of 1-3 towards epoxide polymeriz-
ation. However, this subject will be discussed in a future paper.

Compounds 1-3 are thermally stable up to 260 °C and
upon pyrolysis decompose into a mixture of zinc condensed
phosphates and large amounts of carbonaceous deposits; our
previous studies on the ZnDPhP pyrolyzates® suggest that they
could be utilized as antistatic additives in the formulation of
electron-conductive polymer composites. It is worth noting
that high thermal stability in combination with the presence
of functional groups having affinity for strong interactions
with polymer chains could also lead to the future application
of zinc bis(diarylphosphate)s as nucleating agents in polymer
composites; this hypothesis needs experimental verification
since the extent of their influence will strongly depend on the
type of polymer matrix.

The results of some preliminary electrorheological measure-
ments indicate that, when dispersed in silicone oil, the
obtained zinc bis(diarylphosphate)s undergo polarization in
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an external electric field and, depending on the type of
additional functional group within the phenyl ring, show a posi-
tive or negative electrorheological effect; this phenomenon
makes them promising candidates for application in electro-
rheological devices, e.g. dampers, valves, engine mounts,
hydraulic actuators, squeeze mounts, or haptic medical devices.
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