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The reactivity of two different alkyl phosphate esters with zinc metal ions has been explored. The reaction
of zinc nitrate with n-octyl phosphate leads to a mixture of [("OctO)POZn(DMF)], (1) and [("OctO)POsZn
(H20)],, (2a); similarly, the reaction of zinc nitrate with n-hexyl phosphate results in a mixture of [("HexO)
POzZn(DMF)],, (3) and [("HexO)PO3Zn(H,0)l,, (4). While the DMF-coordinated compounds 1 and 3 are iso-
lated as single crystals, the water-coordinated compounds 2a and 4 were obtained as polycrystalline
samples. Exposure of these mixtures (1 and 2a or 3 and 4) to ambient humid conditions results in the
exchange of coordinated DMF molecules by water molecules and the whole mixture transforming into
either 2a or 4, respectively. The molecular structures of 1 and 3 have been determined by single-crystal
X-ray diffraction studies, revealing them to be one-dimensional coordination polymers. The presence of
flexible alkyl chains in 2a and 4 results in structural transformation, where the interlayer distance in 2a
decreases over time under ambient conditions to form 2b, and it returns to its initial state on heating at
50 °C for 20 hours in a vacuum. DSC studies for 2a and 4 show two low-enthalpy reversible transitions
below room temperature, which could be associated with the 3D organization of alkyl chains in the struc-
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ture. Thermal decomposition studies reveal that compounds 2a and 4 can be utilized as a single-source
precursor for ceramic materials. The water contact angles for 2a and 4 are 100.5° and 98.8°, respectively,
which fall within the range of hydrophobic materials, indicating the importance of alkyl chains in impart-

rsc.li/dalton ing the hydrophobicity.

Layered zinc phosphates (LZPs), though relatively unex-
plored, hold significant potential for a variety of applications.

1. Introduction

In recent years, there has been a significant surge in investi-
gations on layered materials due to the exceptional physico-
chemical properties and versatile applications exhibited by
this class of materials."”> These materials are used in various
domains, such as catalysis,® ion adsorption,* electronics,® gas
sensing,® and energy storage.>” Among the broad spectrum of
layered materials, layered metal phosphates have garnered
attention due to their structural versatility, chemical tunability,
and intrinsic stability.>”*”® Zinc phosphates represent a prom-
ising class of material, with applications as non-toxic anticor-
rosive agents in paints,’ support for optical materials,'® dental
cement,'’ glasses,'”> ion exchange materials,”® electrode
coatings,"*"® nonlinear optical devices,'®'” and therapeutic
applications in cancer treatment."®"°
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Recent studies highlight their utility in emerging areas such as
the development of phosphors,®® metal ion sensing,*! and
proton conduction.”” LZPs can be obtained either by using
amines or N-donor ligands as the structure-directing
group™?>* or by carefully choosing the organophosphate
ligand.?®> However, due to the strong interaction between the
layers, it is difficult to exfoliate these layers. In recent times,
our group has explored the utility of monoalkyl phosphate pre-
cursors in the formation of layered metal phosphates.”®?”
However, reports on zinc alkyl phosphates remain limited.>*°
Notably, the layered zinc ethyl phosphate reported by
Clearfield and coworkers exhibits a structure comprising two-
dimensional metal-ligand sheets held together by weak van
der Waals interlayer interactions.>® Such weak interactions
facilitate exfoliation into single nanosheets,?® which can be
further exploited for various applications.

Alkyl phosphates additionally offer a unique advantage in
the synthesis of metal phosphates, as their thermally labile
alkyl groups enable the formation of ceramic metal phos-
phates at relatively low temperatures.>*> Over the past few
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decades, two groups, Murugavel and coworkers and Tilley and
coworkers, have shown the utility of di-tert-butyl phosphate-
based metal complexes as synthons for ceramic metal phos-
phate synthesis.>*** Recently, we started investigating mono-
alkyl phosphates for the formation of ceramic phosphates and
showed that their exfoliation, followed by thermolysis, yielded
metal phosphate materials with enhanced supercapacitance
properties.>®*3

The alkyl chain undergoes deformation with changes in
temperature. Presence of longer alkyl chains, in particular, is
anticipated to exhibit temperature-dependent structural
transitions.**™*® These transitions find utility in functional
applications, including the development of actuators*® and
cobalt-based systems with unique spin-crossover behavior.*>>°
However, crystallization of charge-neutral complexes with
extended alkyl chains remains challenging, limiting detailed
structural elucidation of these systems. To investigate struc-
tural transitions in the alkyl chain-bearing metal phosphates,
we previously studied a calcium ethylhexyl phosphate complex,
[(phen)Ca(ehpH),],.>* This compound was crystallized by
exploiting the robustness imparted by the N-donor chelating
ligand 1,10-phenanthroline,® which helped in crystallization
and allowed for the observation of a low-temperature structural
transformation. However, the rigidity offered by 1,10-phenan-
throline also constrained the extent of the structural
transition.

Given the above background, in the current study, we have
investigated a new family of zinc alkyl phosphates [(RO)POsZn
(solvent)],, (where R = n-hexyl or n-octyl; solvent = DMF or
water), whose R groups are made of highly flexible long alkyl
chains, with the objective to realize the full range of structural
transitions/transformations that these alkyl chains can
undergo under a variety of conditions. The details of this study
are presented in the following contribution.

2. Experimental section
2.1. Materials, methods, and measurements

All the experimental manipulations were carried out under
ambient conditions. Zn(NO;),-6H,O (Spectrochem) was pro-
cured from commercial sources and used as received.
Dimethylformamide (DMF) (Finar) was dried over CaSO, and
subsequently distilled under reduced pressure and stored over
4 A molecular sieves. The ligands n-hexyl and n-octyl phos-
phates were synthesized by following reported procedures.>>
Melting points were measured in glass capillaries and are
reported uncorrected. Fourier transform infrared (FT-IR)
spectra were recorded using a PerkinElmer Spectrum One
FT-IR spectrometer with diluted samples prepared as KBr
discs. Microanalyses were performed on a Vario MICRO cube
microanalyzer (Elementar Analysensysteme, Germany). Solid
state *'P CP-MAS NMR (303 MHz) studies were performed by
diluting samples with KBr on a Bruker BioSpin Ascend
750 MHz spectrometer (for 1-4) and solid-state *'P single-
pulse NMR (162 MHz) on a Bruker 400 MHz spectrometer (for
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2a-800 °C and 4-800 °C). Powder X-ray diffraction studies were
carried out on a Rigaku SmartLab SE diffractometer using Cu
K, radiation (1.5419 A). Variable temperature powder XRD
measurements were performed in air using a Rigaku HT
1500 high-temperature attachment, with a heating rate of
10 °C min~'. At each measurement temperature, the sample
was stabilized for 15 minutes before data collection.
Thermogravimetric analyses were performed under a nitrogen
gas stream at a heating rate of 10 °C min~" using a Rigaku
STA8122 TGA system. Contact angle measurements were per-
formed at room temperature on an Acam series Apex goni-
ometer (India). Contact angle measurements of 2a and 4 were
carried out in triplicate using pellets made on an FT-IR
hydraulic press. A total of 5 uL of water was added on the
surface of each pellet, and the average contact angles along
with the standard deviation were recorded. Differential scan-
ning calorimetric measurements were performed on a Rigaku
DSCvesta calorimeter. An empty aluminium pan was used as a
reference. 7.9 mg of 2a and 7.1 mg of 4 were used for carrying
out the experiment. The measurements were performed in two
cycles to confirm the reproducibility. The data obtained in the
second cycle were used to calculate the enthalpy and the posi-
tion of the transition.

Morphologies were studied using FEG-SEM on a ZEISS
Ultra 55 field-emission gun-scanning electron microscope
operating at an accelerating voltage of 3 kV. EDS mapping was
performed on the same samples but at 18 kV using an in-lens
detector. The samples for SEM and EDS measurements were
prepared by smearing powders of 2a and 4 on carbon paper,
whereas samples of the pyrolyzed products were prepared by
drop-casting well-dispersed suspensions (in isopropanol) of
2a-800 °C and 4-800 °C on a silicon substrate. The samples
were sputtered with gold before imaging. Raman spectra were
recorded on a Witec 300 Micro Raman spectrometer equipped
with He-Ne (632.8 nm) laser excitation sources. Inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) ana-
lyses were carried out on a SPECTRO ARCOS Simultaneous ICP
instrument.

2.2. Synthesis of [("OctO)PO;Zn(DMF)], (1) and [("OctO)
PO;Zn(H,0)],, (2a and 2b)

A solution of n-octyl phosphate (0.5 mmol, 105 mg) in DMF
(10 mL) was added to a solution of Zn(NO;),-6H,0 (0.5 mmol,
148.5 mg) in DMF (10 mL) under constant stirring. The result-
ing clear solution was allowed to evaporate at room tempera-
ture to obtain white plate-like crystals of 1 along with a white
precipitate of 2a, after two weeks. Single crystals of 1 were sep-
arated manually under an optical microscope.

Compound 1. Yield: 30 mg (19%); Mp. >300 °C; elem. anal.
found (caled) (%) for C,;H,,NOsPZn (M, = 346.67): C: 37.25
(38.11), H: 6.5 (6.98), N: 3.64 (4.04); FT-IR (KBr pellet, cm™):
1120 (s), 1085 (s), 1207 (w), 1386 (w), 1657 (s), 2852 (w), 2925
(m), 2958 (m), 3431 (w), 3562 (w); *'P NMR (CP-MAS,
303 MHz): § 4.25 ppm; TGA: temp range °C (%, weight loss):
80-160 (observed: 21; calculated: 21, DMF), 260-320 (observed:
35; calculated: 35, octene; 0.5 H,0). Note: the discrepancy
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observed in the elemental analysis values is due to its dynamic
conversion to 2 through DMF-H,0 exchange.

Compound 2a. Yield: 47 mg (32%); Mp. >300 °C; elem. anal.
found (caled) (%) for CgH19OsPZn (M, = 291.6): C: 32.85
(32.95), H: 6.35 (6.57). FT-IR (KBr pellet, cm™): 1060 (s), 1113
(s), 1453 (w), 1634 (w), 2859 (w), 2930 (m), 2958 (m), 3431 (w),
3562 (w). *'P NMR (CP-MAS, 303 MHz): § 5.75 ppm. TGA: temp
range °C (%, weight loss): 122-207 (observed: 5; calculated: 6,
H,0), 207-304 (observed: 42; calculated: 41, octene; 0.5 H,0).

In situ conversion of 1 into 2b. On removing crystals of 1
from the reaction mixture and exposing them to an open atmo-
sphere under ambient conditions, DMF molecules in 1
exchange with atmospheric water to form 2a, which eventually
transforms to 2b.

Compound 2b (formed by in situ conversion of 1 into 2b).
Yield: 30 mg (2%); Mp. >300 °C; elem. anal. found (caled) (%)
for CgH1905PZn (M, = 291.6): C: 33.27 (32.95), H: 6.58 (6.57);
FT-IR (KBr pellet, cm™) 1015 (s), 1028 (s), 1062 (s), 1085 (s),
1113 (s), 1262 (W), 1466 (w), 1631 (w), 2358 (w), 2855 (w), 2927
(m), 2955 (m), 3356 (w); *'P NMR (CP-MAS, 303 MHz): 6
5.17 ppm.

2.3. Synthesis of [("HexO)PO;Zn(DMF)], (3) and [("HexO)
PO;Zn(H,0)], (4)

Compounds 3 and 4 were prepared by following a procedure
similar to that for 1 and 2 using n-hexyl phosphate (0.5 mmol,
91 mg) and an equimolar amount of zinc nitrate.

Compound 3. Yield: 4 mg (2.5%); Mp. >300 °C; elem. anal.
found (caled) (%) for CoH,,NOsPZn (M, = 318.6): C: 32.68
(32.31), H: 6.82 (6.02), N: 2.78 (4.19); FT-IR (KBr pellet, cm™):
1117 (s), 1077 (s), 1200 (w), 1390 (w), 1664 (s), 2861 (w), 2930
(m), 2958 (m), 3431 (w); *'P NMR (CP-MAS, 303 MHz): 6
0.42 ppm, § 3.62 ppm; TGA: temp range °C (%, weight loss):
40-160 (observed: 24.3; calculated: 23, DMF), 260-306
(observed: 29; calculated: 29, hexene; 0.5 H,0). Note: the dis-
crepancy observed in the elemental analysis values is due to its
dynamic conversion to 4 through DMF-H,O exchange.

Compound 4. Yield: 75 mg (57%); Mp. >300 °C; elem. anal.
found (caled) (%) C¢H1505PZn (M, = 263.5): C: 27.88 (27.35),
H: 5.70 (5.74). FT-IR (KBr pellet, em™): 1060 (s), 1113 (s), 1453
(w), 1634 (w), 2859 (w), 2930 (m), 2958 (m), 3431 (w), 3562 (W);
31p NMR (CP-MAS, 303 MHz): § 3.47 ppm; TGA: temp range °C
(%, weight loss): 122-207 (observed: 7; calculated: 7, H,O),
207-304 (observed: 37; calculated: 35, hexene; 0.5 H,O).

Compound 4 (formed by in situ conversion of 3 into 4).
Yield: 4 mg (2.5%); Mp. >300 °C; elem. anal. found (caled) (%)
CeH;505PZn (M, = 263.5): C: 27.09 (27.35), H: 5.73 (5.74); FT-IR
(KBr pellet, cm™): 550 (w), 854 (w), 1015 (s), 1028 (s), 1062 (s),
1085 (s), 1113 (s), 1384 (w), 1467 (w), 1631 (w), 2358 (w), 2855
(w), 2956 (m), 2955 (m), 3356 (w); *'P NMR (CP-MAS,
303 MHz): 5 3.84 ppm.

2.4. Reversibility of DMF-water exchange in 2a and 4

20 mg of 2a was suspended in 10 mL of DMF in a 20 mL glass
vial and sonicated under heated conditions (50 °C) for
2 hours. Following sonication, the solid was filtered from the
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suspension and immediately analyzed by powder XRD. To
further assess the reversibility of the solvent exchange, the
same sample was treated with a drop of deionized water,
dried, and subjected to powder XRD analysis once again.

Similarly, 20 mg of compound 4 was suspended in 10 mL
of DMF in a 20 mL glass vial and sonicated at 50 °C for
2 hours. However, in this case, no conversion to DMF-
exchanged species was observed as seen by powder XRD.
Hence, the next step was not performed.

2.5. Reversibility of 2a to 2b phase change

30 mg of 2b was heated under vacuum at 50 °C for 20 hours,
followed by immediate analysis using PXRD and TGA.

2.6. Solid state thermolysis

Compound 2a (84 mg) was placed in an alumina crucible and
heated to 800 °C in air at a heating rate of 10 °C min™" for
24 h followed by cooling the sample to room temperature,
yielding crystalline 2a-800 °C. Yield: 31 mg (72%); FT-IR (KBr
pellet, cm™): 1129 (s), 1101 (m), 1078 (m), 1044 (m), 1014 (m),
946 (s), 758 (s), 646 (W), 543 (s); ICP-AES: Zn : P ratio: 1:0.915.

Similarly, compound 4 (81 mg) was pyrolyzed at 800 °C to
obtain 4-800 °C. Yield: 38 mg (81%); FT-IR (KBr pellet, cm™"):
1122 (s), 1101 (m), 1080 (m), 1051 (m), 1014 (m), 958 (s), 753
(s), 640 (W), 543 (s). ICP-AES: Zn : P ratio: 1:1.32.

2.7. Single-crystal X-ray diffraction studies

Single crystals of compounds 1 and 3 suitable for X-ray diffrac-
tion analysis were grown from the reaction mixture and
mounted on a BRUKER D8 QUEST diffractometer equipped
with an IpS DIAMOND microfocus Mo-K,, radiation source (4 =
0.71073 A). Data collection, data integration, and indexing
were performed with the CrysAlisPro software suite.”® The
structures were solved using the SHELXT program and refined
with SHELXL>* by the least squares method using the Olex2
package.>® The data collection and refinement processes are
summarized in Table 1. CCDC deposition numbers 2350478
and 23504797 for 1 and 3 contain the supplementary crystallo-
graphic data for this paper, which can be obtained free of
charge from the Cambridge Crystallographic Data Centre.

3. Results and discussion
3.1. Synthesis and characterization of zinc alkyl phosphates

The reaction of equimolar quantities of zinc nitrate hexa-
hydrate and n-octyl phosphate (L1) in DMF leads to the for-
mation of a DMF-coordinated polymer [("OctO)PO;Zn(DMF)],
(1) as the minor product, and a water-coordinated polymer
[("OctO)PO;Zn(H,0)], (2a) as the major product. Exposing crys-
tals of 1 to air results in rapid exchange of DMF molecules
with moisture (H,O), leading to its conversion to 2a
(Scheme 1). Similarly, [("HexO)PO;Zn(DMF)], (3) and [("HexO)
PO,;Zn(H,0)],, (4) were synthesized using n-hexyl phosphate
(L2). These reactions were repeated multiple times under iden-
tical conditions, consistently yielding the same products,

This journal is © The Royal Society of Chemistry 2025
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Table 1 Crystallographic data for [("OctO)POsZn(DMF)],, (1) and

[("HexO)PO3Zn(DMF)],, (3)

Compound 1

number

Sample code RM-HA-62
Empirical formula  C;;H,4,NOsPZn
Formula weight 346.65
Temperature/K 150.0(1)
Crystal system Triclinic

Space group P1

alA 5.4254(2)

b/A 9.4114(3)

c/A 15.2643(4)

al® 85.187(2)

Bl° 82.270(2)

y/° 82.405(3)
Volume/A® 763.81(4)

zZ 2

Pealey € €M™ 1.507

p/mm~ 1.726

F(000) 364.0

Crystal size/mm”® 0.62 x 0.154 x 0.026
Radiation/A Mo K, (4 = 0.71073)
20 range for data 4.376 to 50.05
collection/°®

Index ranges —-6<h<6,-11<k<

11,-18 <1< 18

Reflections 28102

collected

Independent 2700 [Rin¢ = 0.0531,
reflections Rgigma = 0.0234]
Data/restraints/ 2700/0/175
parameters

Goodness-of-fiton  1.033

Final R indexes R; =0.0272, WR, =

[1> 26(1)] 0.0655

Final R indexes R, =0.0292, WR, =
[all data] 0.0670

Largest diff. peak/  0.37/-0.43

hole/e A~

3

RM-HA-61
CoH,oNOsPZn
318.60
107.0(4)
Triclinic

Pi

5.4197(2)
9.3778(4)
13.3722(5)

83.203(3)

88.754(3)

82.318(3)

668.79(5)

2

1.582

1.964

332.0

0.595 x 0.103 x 0.095
Mo K, (4 = 0.71073)
4.412 to 49.996

—6<h<6,-11<k<
11, -15 <1< 15
25008

2358 [Rine = 0.0465,
Rgigma = 0.0215]
2358/0/157

1.053

R; = 0.0225, WR,, =
0.0516

R; = 0.0235, WR,, =
0.0521

0.34/—0.34

thereby confirming their high reproducibility. These polymers
1-4 were characterized by various spectroscopic and analytical

techniques.

The FT-IR spectra of 1-4 show strong absorption bands

around 1150-1000 cm™*

, corresponding to P=O stretching,

and M-O-P asymmetric and symmetric vibrations (Fig. S1 and
$21).%*> The absorption bands observed at 2917 and

Zn(NO3),.6H,0
+
0 DMF
1 RT
RO” \:OH

R = n-octyl (L1), n-hexyl (L2)

Scheme 1 Synthesis of zinc phosphates 1-4.
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2836 cm™* correspond to C-H stretching of the alkyl groups.
The elemental analysis values obtained for 2a and 4 match
well with the calculated values. However, the values for both 1
and 3 show a discrepancy between the observed and calculated
elemental analysis values due to their tendency to rapidly
undergo interconversion to 2a and 4, respectively. The *'P
CP-MAS NMR spectra of 1 and 3 exhibit broad peaks due to
the dynamic exchange of DMF with moisture, which converges
to a single peak at 6 5.75 and 3.47 ppm for 2a and 4, respect-
ively (Fig. 1 and S37). The additional minor signal observed at
6 7.87 ppm for 4 can be attributed to the presence of minor
species of a slightly different environment around the phos-
phorus centre, probably due to a different conformation of
alkyl chains. However, we have not been able to determine
conclusively the exact source of this signal.

3.2. Crystal structure of 1D coordination polymers 1 and 3

Colourless plate-shaped crystals of 1 and 3 were obtained from
the reaction mixture after two weeks at room temperature.
X-ray diffraction studies reveal that compounds 1 and 3 crystal-
lize in the triclinic P1 space group and are isostructural. The
asymmetric part of the unit cell of 1 and 3 consists of one zinc
ion, one alkyl phosphate anion (ROPO;>~, R = n-octyl (1) and
n-hexyl (3)) and one coordinated DMF molecule. The zinc ion
is coordinated with three oxygen atoms of different alkyl phos-
phate ligands, while the fourth coordination site is occupied
by the oxygen atom of the DMF molecule (Fig. 2a and b). This
arrangement results in distorted tetrahedral geometry around
the zinc ion with Zn-O(P) bond lengths of 1.925(2) A for Zn1-
03', 1.910(2) A for Zn1-02, and 1.914(2) A for Zn1-01?* in 1,
and 1.928(1) A for Zn1-03*, 1.912(1) A for Zn1-02, and 1.913
(1) A for Zn1-01%in 3 (#": -1 + X, +Y,+Z; 21 - X,1 - Y, 2 — Z;
%1 + X, +Y, +Z). The tetrahedral geometry around the zinc
atom has also been confirmed by shape analysis (Tables S1
and $27).>® The Zn-O(P) bond lengths in 1 and 3 are compar-
able to those observed in earlier reported zinc alkyl and aryl
phosphates.>***” The bond length of Zn-O from the DMF
molecule is 2.025(2) A (Zn1-05) in 1 and 2.023(1) A (Zn1-05)
in 3, which are significantly longer compared to the Zn-O(P)
bonds. The O-Zn-O bond angles for the distorted tetrahedron
range from 100.00(7)° to 115.69(7)° in 1 and 99.92(6)° to

R _ R — R
030509, 50 90 &
P \F/O\Zq/O\IP/O\Zn/O\IP/O\Zq’O\\\
O \
i 5 o Q o . [ROPOsZn(H,0)l,
0-fn~07PSo 80" Fro-fn-0 Py -
N,;O R,O N,¢O o rC R = n-octyl (2a), n-hexyl (4)
[ROPO5Zn(DMF)],

R = n-octyl (1), n-hexyl (3)

This journal is © The Royal Society of Chemistry 2025
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1 after 24 h

5.75
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-10 -20 -30 -40 -50 -60 ppm

2a

A

70 60 50 40 30 20 10

Fig. 1 3P CP-MAS NMR spectra of 1 and 2a (303 MHz).

115.83(6)° in 3, showcasing the extent of distortion around the
tetrahedral zinc centres. Similarly, the O-P-O bond angles vary
in the range of 102.42(9)°-112.86(9)° for 1 and 102.39(8)°-
112.94(8)° for 3. The observed P-O bond lengths in 1 are P1-
01: 1.505(2), P1-02: 1.522(2), P1-03: 1.521(2), and P1-O4:
1.594(2) A; similar distances were observed in 3: P1-O1: 1.510
(1), P1-02: 1.526(1), P1-03: 1.521(2), and P1-04: 1.595(1) A.
The selected bond angles and bond lengths for 1 and 3 have
been listed in Tables S3 and S4.}

Alkyl phosphate ligands in compounds 1 and 3 are triden-
tate and exhibit a [3.111] mode of coordination (Fig. 2c and
d).**”® 1t should be noted that the three ligating oxygen atoms
bind three different zinc ions. In other words, the zinc ions are
ligated/bridged by three different phosphate oxygen atoms
arising from three different phosphate ligands. This leads to
the formation of Zn,0,P, eight-membered rings, which
resemble the Single-4-Ring (S4R) zeolitic SBUs (Fig. S4a and
S5at). Moreover, the side-by-side fusion of these S4R rings
leads to the formation of 1D polymeric chains whose central
core resembles a ‘tape’ made up of indefinite edge-sharing
S4R rings extending along the g-axis in both 1 and 3 (Fig. 2¢
and d). In the 1D polymeric chain, the eight-membered rings
of the adjacent S4R rings exhibit different ring conformations,
as evidenced by different Zn-Zn diagonal distances. These dis-
tances are 4.2278(4) and 4.5003(4) A for adjacent rings in 1
(Fig. S4bt), and 4.2306(4) and 4.4959(4) A in 3 (Fig. S5bt). The
inorganic tape is capped on both sides by the coordinated

1236 | Dalton Trans., 2025, 54, 11232-11245
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DMF molecules on zinc and the long alkoxy chain on phos-
phorus. The presence of all trans octyloxy and hexyloxy chains
(which do not coil around), leads to the stacking of these 1D
tape-like polymers adjacent to each other in the crystal lattice
(Fig. 3).

The presence of hydrophobic van der Waals type inter-
actions between the alkoxy groups of the immediate neigh-
bours in these complexes leads to a packing arrangement such
as that shown in Fig. 3a and b, where the alkoxy chains of the
adjacent polymeric chains are involved in near-perfect interdi-
gitation, as has been normally observed in many other layered
metal alkyl phosphates and phosphonates,”®*° albeit in the
present case, the crystal packing is due to agglomeration of
polymeric chains and not 2D sheets. The packing diagrams of
1 and 3 further reveal that owing to perfect interdigitation,
they achieve close packing, exhibiting inter-polymer distances
of 153 A in 1 and 13.4 A in 3. Clearfield and co-workers
reported water-coordinated zinc ethyl phosphate that adopts a
two-dimensional polymeric structure.”® Similarly, the long-
chain phosphonate analogue, calcium hexyl phosphonate,
reported by Mallouk also forms a two-dimensional polymeric
network.’® These studies suggest that both short- and long-
chain alkyl phosphonates and phosphates tend to favor the
formation of two-dimensional polymeric architectures.
However, in the case of 1 and 3, where DMF is coordinated to
the metal centre, the relatively larger steric bulk hinders the
growth of the polymer in the perpendicular direction. As a
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Fig. 2 (a and b) Molecular structure of [("OctO)POzZn(DMF)],, (1) and
[("HexO)POsZn(DMF)],, (3) showing the section of the polymeric struc-
ture and geometry around the zinc atom (asymmetric unit). (c and d)
Edge sharing S4R rings forming a 1D coordination polymer for 1 and 3,
respectively (hydrogen atoms are omitted for clarity; colour scheme;
Zn,e:P,e:0,0:N,0:C).

result, one-dimensional DMF-coordinated polymers 1 and 3
were isolated instead.

3.3. Structural evolution by exchange of DMF with water
molecules

Although 1D polymers 1 and 3 have been isolated as single
crystals and their structures determined by SCXRD, both
solids are relatively unstable in open air and readily convert
into their secondary polymeric forms 2a and 4, respectively.
While the presence of bulky DMF at the fourth coordination
site on the zinc ion in 1 and 3 ensures the isolation of 1D poly-
mers, the rapid replacement of DMF by water on standing over
a period of time brings about interesting changes in the PXRD
pattern. The most intriguing aspect of the structures of 1 and

This journal is © The Royal Society of Chemistry 2025
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3 emerges from closer examination of the PXRD patterns of
their freshly prepared samples. The powder XRD pattern of 1
shows slight deviations from the simulated pattern obtained
from the single-crystal structure (Fig. 4a and S6t). The slight
deviations can be attributed to crystal morphology and temp-
erature-dependent changes in the orientation of the alkyl
chains. This is because powder XRD patterns were recorded at
room temperature, whereas the molecular structure studies
were conducted at 150 K and 107 K for 1 and 3, respectively.>!
Thus, as has been mentioned above, compound 1 is
sufficiently stable for its PXRD pattern to be recorded for its
pure form obtained from the single crystals isolated freshly
from the mother liquor. However, the PXRD pattern for a
similar sample of 3 is entirely different (Fig. 4a and S77),
where one observes additional stronger reflections of com-
pound 4, with only a minor proportion of 3.

The powder XRD pattern of 2a exhibits reflections at 26
values of 3.7° (d = 23.8 A), 7.4° (d = 11.9 A), and 11.2° (d =
7.9 A) (Fig. 4a). Likewise, the powder XRD pattern of 4 shows
reflections at 26 = 4.5° (d = 19.5 A), 9.0° (d = 9.8 A), and 13.5°
(d = 6.5 A) (Fig. 4a), indicating a layered structure. The lowest
angle of reflection has the highest intensity, and this progress-
ively decreases moving towards the higher angles of reflection.
Furthermore, the observed d-spacings follow a 1:1/2: 1/3 ratio,
suggesting a highly organized layered structure exhibiting reflec-
tions corresponding to the 001, 002, and 003 planes.®* > In case
of 2a, the interlayer distance has increased to a higher value (d =
23.8 A) than that seen for the interdigitated polymer 1 (15.3 A).
Similarly, in the case of 4, the interlayer distance has increased to
a higher value (d = 19.6 A) compared to that observed in the inter-
digitated 1D polymer 3 (13.4 A). This difference can be explained
by the opening up of interdigitated alkyl chains on exchange of
DMF with H,O (Fig. 3a and b) to form 2D layered materials. A
similar kind of expanded structure for aluminium alkyl phos-
phates and calcium hexyl phosphonates has been previously
observed by the groups of Tanaka®®* and Mallouk.>® The inter-
layer distance in metal alkyl phosphates and phosphonates
increases with an increase in the number of carbon atoms in the
alkyl chain.®*® Interlayer distances reported for water-co-
ordinated zinc methyl phosphonate and zinc ethyl phosphonate
are 8.73 A and 10.14 A, respectively.®* Similarly, water-coordinated
zinc ethyl phosphate shows an interlayer spacing of 10.2 A% In
this study, when the alkyl chain length increases to six and eight
carbon atoms, the interlayer spacing expands significantly to
19.5 A and 23.8 A, respectively.

Additionally, SEM analysis was performed to study the mor-
phological features of polymers 1-4 (Fig. 4b, ¢ and S8ft). The
SEM image of 1 shows a spindle formed by a collection of rod-
shaped microcrystals. The SEM images of 4 reveal sheets
cleanly stacked one over the other to form a lamellar com-
pound, indicating the significance of alkyl groups for synthe-
sizing compounds having layered morphology.

3.4. Tracking of DMF-water exchange by PXRD studies

The powder XRD patterns recorded after ambient drying of 1
and 3 did not match their respective simulated patterns but
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Fig. 3 (a) Variation in the interlayer distance of interdigitated 1D polymer [("OctO)POzZn(DMF)], (1), upon transformation to [("OctO)POZn(H,0)],
(2a). (b) Variation in interlayer distance upon the transformation of [("HexO)PO3sZn(DMF)],, (3) to [("HexO)POzZn(H,0)l, (4), showing the expansion of
the interlayer distance on coordination with water [colour scheme; @ :Zn,@:P,@:0O,@: N, e:C].

instead closely matched the diffraction patterns recorded for
2a and 4, respectively. Time-dependent powder XRD studies
were therefore conducted over a period of time to investigate
the structural evolution of 2a from 1 and 4 from 3, respectively.
The powder XRD patterns were recorded at various intervals
after removing crystals of 1 and 3 from the reaction mixture
(Fig. 5 and S9%). Initially, a fresh sample of 1 shows an XRD
pattern corresponding to 1 with a 001 reflection at 5.6° (Fig. 5,
0 h). After two hours, a new pattern emerged featuring reflec-
tions at 3.7°, 7.4°, and 11.1°, indicating the formation of com-
pound 2a. After eight hours, the majority of compound 1 trans-
forms into 2a. A similar observation was reported by Kanoh
and co-workers., where a 1D polymer transitioned into a 2D

1238 | Dalton Trans., 2025, 54, 11232-11245

polymer by the loss of coordinated solvent molecules.®® Given
that alkyl phosphates have a propensity to form 2D
polymers,”®>° the alteration in the powder XRD pattern
suggested the conversion of 1D polymer 1 into a 2D polymer
2a. Furthermore, elemental analysis was carried out to verify
the exchange of DMF with water, which reveals that the
sample is free from nitrogen (of DMF) after 8 hours and corres-
pond to the molecular formula [("OctO)PO;Zn(H,0)],,.
Similarly, fresh crystals of 3 exhibit reflection at 6.3°, which
is characteristic to 3, along with reflections at 4.5°, 9.0°, and
13.6° that correspond to 4 (Fig. S9f). Reflections corres-
ponding to 4 are dominant, indicating that a significant
portion of 3 has already converted into 4 upon removal from

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Powder XRD patterns for 1—4; the interdigitated 1D polymer 1 and 3 shows narrower interlayer spacing compared to 2a and 4, respect-
ively; a pure experimental PXRD pattern for 3 could not be obtained due to rapid solvent exchange. (b and c) SEM images of 1 and 4, respectively.

the solution. The time-dependent powder XRD measurements
show that after forty hours, 3 completely transforms into 4.
The elemental analysis of the sample of 3 that has completely
transformed into 4 matches well with [("HexO)PO;Zn(H,0)],..
To further confirm DMF-water exchange, *'P CP-MAS NMR
studies were carried out on the solid samples of 1 and 3. The
first set of NMR measurements was performed on a fresh
batch of crystals immediately after their removal from solu-
tion. Subsequently, another set of measurements was per-
formed after allowing the crystals to remain in air. It was
observed that the *'P CP-MAS NMR spectra of the samples
immediately removed from solution revealed a broad NMR
signal due to the initiation of exchange of DMF with water for
both 1 and 3. Upon further exposure to air, distinct resonances
corresponding to 2a and 4 began to emerge (Fig. 1 and S37).
To investigate the reversibility of the DMF-water exchange, 2a
and 4 were sonicated at 50 °C in DMF for two hours. Powder
X-ray diffraction (PXRD) patterns recorded immediately after
removing 2a from the suspension showed the appearance of a
reflection at 5.5°, characteristic of compound 1, along with
reflections corresponding to 2a (Fig. S10%). Furthermore, one
drop of water was added to the same sample, which led to the
disappearance of the reflection due to 1. This indicates that

This journal is © The Royal Society of Chemistry 2025

the transformation from 1 to 2a via DMF-water exchange is a
reversible process. However, subjecting 4 to similar conditions
did not result in the regeneration of 3 as seem from its powder
XRD plot after sonication in DMF for 2 h under the same con-
ditions (Fig. S111), suggesting that the DMF-water exchange is
either not reversible in this case or that any formation of 3
rapidly reverts back to 4 upon removal from solution.

A second dynamic process sets in for a sample of 2a
(obtained by in situ conversion from 1) kept under ambient
conditions beyond 8 hours (Fig. 5). The PXRD patterns
recorded after 15 hours and 21 hours reveal the emergence of
a new phase 2b with small shifts in 26 values from 3.7° to 4.1°,
7.4° to 8.2°, and 11.2° to 12.3° (Fig. 5). This dynamic process
is complete after approximately two weeks. During the conver-
sion of 2a to 2b, the interlayer spacing marginally decreases
from 23.8 A to 21.6 A, which can be attributed to the flexibility
in the structure due to ordering and disordering of alkyl
chains.** Although the transformation of 2a to 2b was
observed within 15 hours when 2a was generated in situ from
1, the conversion was significantly slower in the case of micro-
crystalline 2a obtained directly from the reaction mixture,
requiring more than two weeks for complete transformation
into 2b. Elemental analysis indicated that 2a and 2b share the
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https://doi.org/10.1039/d5dt00783f

Published on 25 June 2025. Downloaded on 12/13/2025 6:33:56 PM.

Paper

View Article Online

Dalton Transactions

e 21h
o .
7.4
1.1
- 10 h
3.7
7.4
J 1.1 8 h (converts to 2a)
A A

R 4h
3.7
7.4
e —h A . 2h
‘ 5.6
N 1 N - 0h (1)
10 20 30 40 50
26 (°)

Fig. 5 Structural evolution of ["OctOPOzZn(H,0)], (2a and 2b) from the freshly prepared ["OctOPOsZn(DMF)],, (1) monitored by powder XRD.
Initially, the XRD pattern shows reflections corresponding to 1, with a 001 reflection peak at 5.6°. As time progresses, new peaks appear corres-
ponding to 2, having a 001 reflection at 3.7°, while the intensity of reflections due to 1 decreases. After eight hours, the reflections associated with 1
are significantly reduced, indicating that most of it has transformed into 2a. After fifteen hours, a new pattern began to appear with a 001 reflection
peak at 4.1°, corresponding to a decrease in the interlayer distance of 2a due to the flexible nature of the alkyl chains. Compound 2a completely

transforms to 2b in two weeks, exhibiting a decreased d-spacing.

same chemical composition. Furthermore, 2b was heated at
50 °C under vacuum for 20 hours, resulting in its conversion
back to 2a, as evident by the powder XRD pattern (Fig. S127).
The similar composition of 2a and 2b is further supported by
the TGA data collected before and after evacuation, which
show nearly identical thermal decomposition profiles
(Fig. S137).

The temperature-dependent changes
studied using variable temperature powder XRD for 2b and 4.
For compound 2b, the reflection appearing at 4.1° at room
temperature shifts to a lower 26 value of 3.7° on heating to
200 °C, signifying expansion of the interlayer distance
(d-spacing) (Fig. S15at), which matches with the interlayer dis-
tance of 2a. However, this phase could not be assigned to 2a
since the coordinated water will be lost at such a high temp-
erature, as evident from the TGA results (Fig. 6a). However, it
can be inferred that the alkyl chains have the same orientation
as that of 2a, since water, being a small molecule that is

structural were

1240 | Dalton Trans., 2025, 54, 1123211245

buried within the structure, has little effect on the interlayer
distance, which is predominantly governed by the organization
of the alkyl chains. While not widely reported, there are a few
examples of layered phosphonates in the literature, such as
zinc ethyl phosphonate produced by Mallouk and co-workers®®
and zinc phenyl phosphonate produced by Clearfield and co-
workers,®” where the hydrated and dehydrated phases exhibit
similar interlayer spacings. Similarly, variable temperature
powder XRD of 4 reveals temperature-dependent phase trans-
formation (Fig. S16at). The reflection originally appearing at
4.6° shifts to a lower value of 4.0° on heating to 150 °C, indi-
cating an expansion of the interlayer distance from 19.6 A at
room temperature to 22.1 A at 150 °C. Further cooling cycles
were recorded for these transitions, which show the irrevers-
ible nature of these temperature-dependent transitions
(Fig. S15b and S16bt). These observations indicate the flexible
nature of the alkyl chain in 2a and 4 and suggest that the
layered metal alkyl phosphates can exist in phases having

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) TGA traces of 2a and 4 recorded under a flow of N, at a heating rate of 10 °C min™?; (b and c) DSC plots of 2a and 4, respectively, at a

scanning rate of 10 °C min~* under an N, atmosphere.

different interlayer distances due to the flexibility (folding and
unfolding) of the alkyl chains. This further explains the huge
variation in the interlayer spacing observed in the metal alkyl
phosphates having the same alkyl chain length, as can be seen
in Table S5.1

3.5. Thermal studies

Metal alkyl phosphates undergo p-hydride elimination at elev-
ated temperatures, leading to the formation of metal phos-
phates at comparatively lower temperatures.®® We have investi-
gated the thermal decomposition of compounds 1-4 using
TGA under a nitrogen atmosphere at a heating rate of 10 °C
min~". TGA of 1 and 3 shows initial weight loss of approxi-
mately 21.0% and 24.3%, respectively, occurring at around

This journal is © The Royal Society of Chemistry 2025

120 °C (Fig. S17f), consistent with the loss of coordinated
DMF molecules. For compound 3, the observed weight loss
slightly exceeds the calculated value of 23.0% for the loss of
DMF molecules. This minor discrepancy is attributed to the
presence of surface-adsorbed water, as also indicated by a
slight weight loss beginning at room temperature. Despite
this, the first major weight loss event in both compounds
occurs near 120 °C, confirming that the majority of the mass
loss is due to DMF molecules. Subsequent weight loss of 35%
for 1 and 29% for 3 at 300 °C corresponds to the loss of alkene
and water molecules via condensation of two P-OH groups,
respectively. Compounds 2a and 4 exhibit similar decompo-
sition patterns in TGA (Fig. 6a). An initial weight loss of 5%
and 7% at 200 °C for 2a and 4, respectively, indicates the loss
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of coordinated water molecules. This was followed by another
weight loss of 42% for 2a and 37% for 4 at 300 °C, attributed
to p-H elimination of the alkyl chains and subsequent water
release via condensation of phosphate hydroxyl groups.

To investigate the structural changes associated with
decomposition of zinc alkyl phosphates and the formation of
ceramic zinc phosphates, we conducted variable temperature
powder XRD for compound 2b over a range of temperatures up
to 800 °C (Fig. S147). Upon heating at 300 °C, 2b underwent
conversion to an amorphous phase as revealed in the powder
XRD profile. This is attributed to the loss of the octyl groups,
which can also be confirmed by the weight loss at 300 °C
observed in the thermogram (Fig. S131). The amorphous
phase remained until 550 °C, above which a crystalline phase
started to appear with complete crystallization occurring at
800 °C.

It has been earlier shown that the temperature-dependent
structural transformations in metal complexes are facilitated
by the inherent flexibility of their alkyl chains.***' Recently,
we have shown that these transitions are associated with the
folding of alkyl chains, resulting in the change of the crystal
system as showcased in [(phen)Ca(ehpH),],.”>* Due to the pres-
ence of flexible alkyl chains in 2a and 4, these compounds are
expected to show temperature-dependent phase transitions.
These transitions can be observed by DSC measurements in
the temperature range of —50 °C to 115 °C under a nitrogen
atmosphere. The heat flow versus temperature plot of 2a
reveals two low-enthalpy exothermic transitions at 15 °C (AH =
1.8 ] g™') and —2.4 °C (AH = 3.9 ] g ') during the cooling cycle
(Fig. 6b). Corresponding endothermic peaks were observed
upon heating at 1.8 °C (AH=3.4J g ") and 19.7 °C (AH = 1.8 ]
g™"). The low-enthalpy transition at 19.7 °C explains the
observed room temperature structural changes in 2a. In the
case of 4, the heat flow vs. temperature plot reveals a low-
enthalpy exothermic transition at —20 °C (AH = 0.491 J g™)

(@) (b)

2a-800 °C
W
1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
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and a high-enthalpy exothermic transition at —34.8 °C (AH =
13.9 J ¢ ") (Fig. 6¢). Upon heating, corresponding endothermic
peaks are observed at —26.3 °C (AH = 13.6 J ¢”') and —2.0 °C
(AH=0.8]g7").

3.6. Solid-state thermolysis

Bulk thermolysis of compounds 2a and 4 at 800 °C for 24 h in
air results in highly crystalline products 2-800 °C and 4-800 °C,
respectively. The powder XRD plots of 2a-800 °C and 4-800 °C
are identical, indicating that thermolysis of 2a and 4 gives rise
to the same ceramic metal phosphate product (Fig. 7a). The
observed powder XRD patterns do not match with any of the
earlier reported zinc phosphate or pyrophosphate phases.
However, monoalkyl phosphate-based metal complexes are
known to undergo thermal decomposition to form a metal pyr-
ophosphate product.”®*” ICP-AES reveals the ratio of Zn and P
in 2a-800 °C and 4-800 °C to be 1:0.915 and 1:1.32, respect-
ively, consistent with the stoichiometric range for zinc
pyrophosphate.

The infrared spectra of 2a-800 °C and 4-800 °C show similar
profiles, with absorption bands characteristic of Zn,P,0,
(Fig. S181).°*7° The FT-IR absorption bands at 1180, 1126 and
1075 em™" correspond to the asymmetric stretching of the
PO;>” unit (v,5(PO5”7)), whereas the absorption bands at 1043
and 1010 cm™' are assigned to its symmetric stretching
(vs(PO5*7)). The absorption bands appearing at 951 cm™*
(vas(P-O-P)) and 754 cm™" (v5(P-O-P)) signifies the presence of
the P-O-P bond. The band appearing at 540 cm™" is assigned
to the O-P-O bending vibration (§(P-0)) of the P,0,>~
unit.®>”® The Raman spectra of 2a-800 °C and 4-800 °C further
complement the formation of the pyrophosphate phase. The
Raman peaks at 1180 cm™" and 1137 em™' correspond to
Vas(PO3>7), while peaks at 1069 and 1005 cm™" are attributed
to v4(PO;) (Fig. 7b). The peak observed at 950 cm™" corres-
ponds to v,4(P-O-P) stretching, whereas the peak at 777 cm™*

D
1073 4340 G
1610

780

2a-800 °C

4-800 °C

500 1000 1500 2000 2500
Wavenumber (cm™)

Fig. 7 (a) Powder XRD patterns of bulk thermolysis products 2a-800 °C and 4-800 °C recorded upon heating 2a and 4 at 800 °C for 24 h showing
the formation of a new phase of zinc phosphate. (b) Raman spectra of 2a-800 °C and 4-800 °C (632 nm laser) showing the presence of residual

carbon in 2a-800 °C.
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Table 2 Contact angles of 2a and 4
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Sample Image Contact angle (°)
2a 100.5 (+0.2)
4 98.8 (+0.2)

is assigned to v4(P-O-P). Additionally, the peaks at 601 and
367 cm™" correspond to the O-P-O bending vibration (5(PO))
of the P,0,*~ unit.”%’?> Furthermore, the additional peaks
observed in the Raman spectra at 1340 and 1610 cm™" corres-
pond to the D and G bands of carbon, indicating the presence
of residual carbon.”™’? The intensity of peaks due to carbon in
the Raman spectrum for 4-800 °C is less relative to the peak
intensity for 2a-800 °C, suggesting a lower residual carbon
content in 4 after thermal treatment. The presence of residual
carbon in the pyrolyzed products is further confirmed via
SEM-EDS analysis (Fig. $19 and S20%). The single-pulse *'P
NMR spectra of 2a-800 °C and 4-800 °C show peaks at § 5.78, §
1.36 ppm, and at § 5.75, 6 1.44 ppm, respectively, indicating
the presence of two non-equivalent phosphate centres in the
structure (Fig. S217).

3.7. Contact angle measurements

Corrosion protection materials are coated with functional
groups bearing alkyl chains, owing to their hydrophobic
nature.”’*”> The hydrophobicity of alkyl chains prevents the
interaction of water molecules with metal surfaces and hence
protects them from corrosion.”® Since the structures of 2a and
4 feature alkyl chains, they are expected to show hydrophobic
behaviour; hence, contact angle measurements were con-
ducted to examine the surface interaction of 2a and 4 with
water droplets. Pellets of 2a and 4 were made by using a
hydraulic press and subjected to static contact angle measure-
ments, resulting in observed angles of 100.5° (+0.2) for 2a and
98.8° (+0.2) for 4 (Table 2). These values indicate hydrophobi-
city and suggest that, although the coordination polymer is
hydrated, the surface is enriched with alkyl chains that either
extend outward or are oriented near the interface. This surface
composition effectively imparts hydrophobic character to the

This journal is © The Royal Society of Chemistry 2025

material by minimizing water-surface interactions. These
studies imply that 2a and 4 could serve as effective hydro-
phobic coating materials.”’

4. Conclusions

Zinc phosphate coordination polymers [(RO)PO;Zn(DMF)], (R
= n-octyl (1) and n-hexyl (3)) and [(RO)PO;Zn(H,0)], (R =
n-octyl (2a) and n-hexyl (4)) have been synthesized by respective
facile reactions between zinc nitrate hexahydrate and n-octyl
phosphate and n-hexyl phosphate by mixing the reagents.
Single-crystal X-ray diffraction studies of 1 and 3 show the for-
mation of 1D railroad-type or tape-like polymeric structures.
These 1D polymeric chains arrange themselves to form arrays
having interdigitated alkyl chains with an inter-polymer dis-
tance of 153 A and 13.4 A for 1 and 3, respectively.
Interestingly, DMF-coordinated polymers 1 and 3 undergo a
facile transformation where the DMF molecules are exchanged
with water molecules, leading to the formation of 2a and 4,
respectively. Powder XRD studies of 2a and 4 indicate the for-
mation of 2D layered structures with interlayer distances of
23.8 A and 19.6 A for 2a and 4, respectively, indicating struc-
tural expansion as a result of DMF-water exchange. The flex-
ible nature of long alkyl chains in 2a (d = 23.8 A) leads to the
contraction of interlayer spacing over time to form 2b (d =
21.6 A). The presence of structural transformations at lower
temperatures has been confirmed by DSC studies. Thermal
decomposition studies reveal that 2a and 4 transition to an
amorphous phase at 300 °C, which then transforms to a crys-
talline phase having an approximate Zn to P ratio of 1:1 at
800 °C. Furthermore, contact angle measurements indicate the
hydrophobic nature of 2D layered zinc alkyl phosphates.
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In conclusion, this work highlights the role of alkyl chains
and solvent coordination for shaping the layered structures.
The transformation from 1D to 2D structures upon replace-
ment of coordinated DMF with water demonstrates the role of
solvent molecules in directing the dimensionality of the frame-
work assembly. Thermal and contact angle studies reveal the
utility of zinc alkyl phosphates as single-source precursors for
ceramic phosphates and hydrophobic materials, underscoring
the potential of these systems in designing functional
materials with tailored structural properties.
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