Chemical Engineering Journal 158 (2010) 333-344

Chemical Engineering Journal

Contents lists available at ScienceDirect

Chemical
Engineering
Journal

journal homepage: www.elsevier.com/locate/cej

Easy y-to-a transformation of zirconium phosphate/polyphenylphosphonate
salts: Porosity and hydrogen physisorption

Ernesto Brunet*, Hussein M.H. Alhendawi, Carlos Cerro, Maria José de la Mata,

Olga Juanes, Juan Carlos Rodriguez-Ubis

Department of Organic Chemistry, Faculty of Sciences, Universidad Auténoma de Madrid, 28049 Madrid, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 13 October 2009

Received in revised form 14 January 2010
Accepted 19 January 2010

Keywords:

Zirconium phosphate
Organic-inorganic materials
Layered materials

Pillared structures
Hydrogen physisorption

The preparation of organic-inorganic materials based on the topotactic exchange reactions of the y phase
of zirconium phosphate and polyphenyl bisphosphonates is reported. The treatment of these materials
with hypophosphoric, phosphorous and methylphosphonic acids easily led to an isomerization of the
v phases to their a allotropes. These reactions rendered finely engineered supramolecular structures
by means of mild, simple processes performed in the solid-liquid interface. This kind of clean y-to-a
transformations described in our work has few precedents in the literature and allows for the effortless
preparation of libraries of similar materials in which the testing of a given set of properties versus subtle
structural changes may be easily performed. Using this rationale we have produced materials able to
store up to 1.7% (w/w) of H, at 77 K and 1 atm with such high ultramicroporosity that the DOE-goal H,
densities established for 2010 could be complied at pressures well below 5 atm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Layered zirconium phosphate (ZrP) may be considered as an
excellent chemical-engineering tool, kind of carving board, where
organic phosphonates can be orderly deposited leading to materials
whose structural features and applications would only be limited
by the imagination of the researcher. The two main allotropes of zir-
conium phosphate are known as o and y phases [1]. Fig. 1 depicts
a reduced model of two consecutive layers. Slate-like macroscopic
particles are typically formed by less than a hundred layers (Fig. 2).

The a- and y-ZrP phases share the same elemental compo-
sition but slightly different empirical formulae [Zr(HPO4), for o
and Zr(PO4)(HPO4) for y]. Their structure is significantly different
(Fig. 1). The a-ZrP phase bears a single kind of phosphates, bonded
through three oxygen atoms to three different Zr. The reminder
P-OH bonds lay almost perpendicular to the average plane of the
layer thus sticking out on both sides towards the interlaminar
region. In turn, y-ZrP abides two different types of phosphates, one
internal and another external, bonded through four and two oxygen
atoms, respectively, to the corresponding number of different met-
als. The external phosphate, pointing two P-OH groups towards the
interlayer region, is relatively labile in that it can be mildly replaced
by other phosphorous functions. This exchange reaction is topotac-
tic (it preserves the integrity of the y-ZrP layered structure), may be
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multiple and sequentially effected [2] and provides the y-ZrP phase
with a reactive versatility not shown by its a-ZrP counterpart [3].
All these facts praise y-ZrP as an extremely useful layered scaffold
where organic molecules can be easily confined and thus unex-
pected properties can be effectively wielded (smoothly chemically
driven, yet drastic porosity changes, supramolecular chirality, pho-
toinduced charge-transfer processes, molecular recognition and
hosting, etc.) [4].

Along these lines, we recently reported on various topotac-
tic phosphate-exchange reactions in succession over y-ZrP. For
instance, the treatment with hypophosphite of y-ZrP pillared
with polyethylenoxadiphosphonates led to a second topotactic
exchange of the remaining surface phosphates and to an overall
polarity change of the layers which gave rise to drastic poros-
ity changes induced by simple base titration in the liquid-solid
interface (Fig. 3) [5]. This process, extremely easily to perform in
practice, has complex conceptual implications at the supramolec-
ular level that should lead to new ideas concerning chemical
engineering of new materials.

In a more recent preliminary paper we reported on sim-
ilar hypophosphite reactions with y-ZrP pillared with rigid
p-terphenyldiphosphonate, leading to microporous materials with
promising abilities for efficient hydrogen physisorption [6]. How-
ever, on the contrary to what happened in y-ZrP pillared with
flexible polyethylenoxadiphosphonates, hypophosphite did not
lead to a second topotactic exchange but isomerized the whole
structure to pillared «o-ZrP with p-terphenyldiphosphonate, a
mixed phosphate/phosphonate a-phase which would have been
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Fig. 1. Molecular models of a portion of two consecutive lamelae of a- (left) and y-ZrP phases, showing for the a-phase one kind of phosphates (HPOs: P, yellow; O, red) and
a single layer Zr atoms (light gray) and two kinds of phosphates (internal PO4 and external H,PO4) and a bi-layer of Zr atoms for the y-phase (H atoms are not shown). (For
interpretation of the references to color in this figure caption, the reader is referred to the web version of the article.)

very difficult or impossible to be made by direct synthesis [3]. We
hereby give a full report of our findings and describe further exper-
iments concerning this isomerization and the creation of porous
materials with different polarity characteristics as a workbench to
systematically test their hydrogen-storage abilities.

2. Materials and methods
2.1. Materials

4,4'-Diiodobiphenyl, 1,1':4’,1”-terphenyl and the rest of the nec-
essary reagents were purchased from Aldrich and used as received.
v-ZrP was prepared as previously reported [7].

2.2. Characterizations

Solution 'H and 3C NMR spectra were recorded on Bruker AV-
300 spectrometers at 300 and 75 MHz, respectively. Chemical shifts
were given in ppm relative to TMS using the corresponding sol-
vent signal as internal reference. Solid-state 13C NMR spectra were
recorded under cross-polarization (unless otherwise indicated) and
magic-angle techniques (CP-MAS) on a Bruker AV-400 WB spec-
trometer. Chemical shifts were given in ppm relative to TMS using
adamantane as external standard. Powder X-ray diffraction (XRD)
patterns were recorded on either Bruker-AXS D8 or PANalytical
X'Pert PRO Detector X'celerator diffractometers using Cu K« radi-

ation (A =0.154nm) at 40kV, 30 mA, a scanning rate of 5°min~!,
and a 20 angle ranging from 3° to 70°. TGA was performed on a TA
instrument TGA Q 500 at a rate of 5° min~!. DTG curves were cal-
culated using the software of the instrument. ICP-MS was carried
out on a Perkin-Elmer Sciex Elan 6000 instrument.

2.3. Preparation of diphosphonic acids

(a) 4,4"-Diiodo-1,1":4',1"-terphenyl [8]: 1,1:4’,1”-Terphenyl
(4.6 g, 20mmol), iodine (10.2 g, 40 mmol) and 98% periodic acid
(1.83 g, 8 mmol) were added to 75mL of a 10:2:0.3 (v/v/v) mix-
ture of acetic acid, water and sulfuric acid and the mixture stirred
and heated to 100°C. When the mixture thickened, another por-
tion of the solvent (ca. 35mL) was added in order to keep the
stirring effective for 24 h. After cooling at room temperature, the
mixture was filtered. The resulting solid was washed with 500 mL
portions of water, 10% sodium thiosulfate and water again. The
crude product was recrystallized from toluene yielding 7.6 g (80%)
of a white solid. Solid-state '3C RMN (CP-MAS) § (ppm): 98.0 (I-C);
126.0 (I-Ph-CCH), 134.8 (I-CCH), 136.0 (I-CCCH), 139.4 (I-CCCC
and I-Ph-C); elemental analysis (%), calcd. for CigHq21>: C, 44.84;
H, 2.51; found: C, 44.77; H, 2.53. MS (EI) m/z: 481.9 [M]*.

(b) The corresponding diiodopolyphenyl derivative (7.4 mmol)
and anhydrous nickel chloride (175 mg, 1.4mmol) were placed
in a dried flask under Ar. Triethylphosphite (7.0 mL, 40.8 mmol)
was added to the mixture and the reaction was heated to 140°C

Fig. 2. SEM images of materials yB40 (left) and yT40 (see text and Table 1).
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Fig. 3. Schematic representation of the drastic porosity changes induced by simple
base titration suffered by y-ZrP pillared with polyethylenoxadiphosphonates in the
liquid-solid interface (see text).

for 16 h. The mixture was then cooled and the excess of tri-
ethylphosphite distilled under vacuum. The remainder residue was
dissolved in CH;Cl,, filtered over celite and the solvent removed
at reduced pressure. The resulting solid was recrystallized from
CH,Cl,/Hexane yielding 80-90% of the pure product as a white
powder.

2.4. Tetraethyl biphenyl-4,4'-diylbis(phosphonate)

THNMR (CDCl3) 8 (ppm): 1.36 (t, 3Jyy = 7.1 Hz, 12H, POCH, CH3);
4.15(m, 8H, POCH,CH3); 7.37 (m, 4H, PCCH); 7.81 (m, 4H, PCCHCH);
I3CNMR (CDCl3) 8 (ppm): 16.0(d, 3Jcp=8.0Hz, POCH,CH3); 61.8 (d,
2]p=6.0Hz, POCH,CH3); 126.9 (PCCH); 126.5 (d, !Jcp=180.0Hz,
PC); 132.1 (PCCHCH); 143.5 (PCCHCHC); elemental analysis (%),
calcd. for CygH,gP,06: C, 56.34; H, 6.62; found: C: 56.39; H, 6.59;
MS (FAB+)m/z: 427.2 [M+1]*.

2.5. Tetraethyl 1,1:4',1"-terphenyl-4,4"-diylbis(phosphonate)

TH NMR (CDCl3) & (ppm): 1.37 (t, 3Jyy=7.05Hz, 12H,
POCH,CH3); 4.16 (m, 8H, POCH,CH3); 7.72 (s, 4H); 7.74 (m, 4H,
PCCH); 7.93 (m, 4H, PCCHCH); 13C NMR (CDCl3) § (ppm): 16.4 (d,
3Jcp=6.50Hz, POCH,CH3); 62.2 (d, 2Jcp = 5.40 Hz, POCH,CH3); 127.1
(d, 2Jcp=15.3Hz, P-CCH); 127.3 (d, jop=189.6 Hz, P-C); 128.6
(P-Ph-CCCH); 132.4 (d, 3Jcp=10.3 Hz, P-CCCH); 139.8 (P-Ph-C);
144.4 (d, 4 Jcp=3Hz, P-CCCC); elemental analysis (%), calcd. for
Cy6H32P,06: C, 62.15; H, 6.42; found: C, 62.08; H, 6.44; MS
(FAB+)m/z: 503.5 [M+1]*.

(c) The corresponding tetraethyl bisphosphonate (2.4 mmol)
was dissolved in 10 mL of dry CH,Cl, under Ar and the solution
was cooled at 0°C. Trimethylsilyl iodide (4 mL, 28.2 mmol) was
added dropwise and the mixture kept at 0°C for 8 h. The solvent
was then removed in vacuo and water (40 mL) was added to the
residue with vigorous stirring for 30 min. The mixture was concen-

trated at reduced pressure and the resulting solid was stirred with
several portions of toluene until the color was washed out (99%).

2.6. Biphenyl-4,4'-diylbis(phosphonic acid)

TH NMR [(CD3),S0] 8 (ppm): 7.97 (m, 8H); 13C NMR [(CD3),SO]
8 (ppm): 131.5 (d, 3Jcp=9.9Hz, PCCHCH); 136.1 (d, 2Jcp=15.9 Hz,
PCCHCH); 138.1 (d, Jp=180.0Hz, PC); 146.6 (d, *Jcp=3.0Hz,
PCCHCHC); elemental analysis (%), calcd. for C;2H12P20g.: C, 45.88;
H, 3.85; found: C, 45.86; H, 3.83; MS (ESI) m/z: 315.0 [M+1]*.

2.7. 1,1':4',1"-Terphenyl-4,4"-diylbis(phosphonic acid)

Solid-state 13C NMR (CP-MAS) § (ppm): 123.6, 124.8, 126.3,
130.2, 132.1, 136.1, 136.9, 139.2; elemental analysis (%), calcd. for
CygH16P206: C, 55.39; H, 4.13; found: C, 55.36; H, 4.09; MS (ESI)
m/z: 391.1 [M+1]*.

2.8. General procedure for the topotactic exchange of aromatic
phosphonates into y-ZrP

A certain amount of y-ZrP was suspended in a 1:4 mixture of
water/acetone heated at 85°C (350 mL per g of y-ZrP) and vigor-
ously stirred for 20 min. The phosphonic acid, suspended in a 1:4
mixture of water/acetone (350 mL per g of y-ZrP), was then slowly
added at a constant rate of 0.65 mL/min and the heating at 85°C
continued for three days. The mixture was cooled down and the
solid was washed with two portions of water and two portions of
acetone (20 mL per g of y-ZrP). The obtained material was dried at
80°C for 24 h and stored at 90% relative humidity (BaCl, ) for at least
three days.

2.9. General procedure for the treatment of y-ZrP derivatives
with hipophosphorous, phosphorous or methylphosphonic acid

The ~v-ZrP material exchanged with the diphosphonic acid
was suspended in a 0.1 M solution of methylammonium chloride
(100 mL per g of material). A 0.1 M solution of methylamine was
then slowly added until pH = 7. The solid was washed with two por-
tions of water (20 mL per g of added material) and dried in an oven
at 80 °C for 4 h. The commercial hypophosphorous, phosphorous or
methylphosphonic acids (50% in water; 15 mL of acid per g of y-ZrP
derivative) was dissolved ina 1:4 mixture of water/acetone (100 mL
per g of y-ZrP derivative). To this solution, which was bubbled with
Ar for 10 min, the exchanged y-ZrP, pre-treated with MeNH, (see
above), and a small amount of the very same diphosphonic acid
contained by y-ZrP were added. The mixture was heated at 85°C
overnight, cooled and washed with two portions of water and two
portions of acetone (20mL per g of added vy-ZrP). The obtained
material was dried at 80°C for 24h and stored at 90% relative
humidity (BaCl,) for at least three days.

2.10. General procedure to neutralize ZrP materials with LiOH

A certain amount of a- or y-ZrP was suspended in enough 0.1 M
LiOH solution (100 mL per g of material) to reach pH =9 (automatic
titroprocessor). The resulting material was washed with three por-
tions of water (20 mL per g of added material), dried at 80°C for
24h and stored at 90% relative humidity (BaCl,) for at least three
days.

2.11. Measurement of porosity and hydrogen physisorption
Nitrogen and hydrogen physisorption and desorption data were

collected on a Micromeritics ASAP 2020 with 50-70 mg of the
materials. BET isotherms were measured and analyzed using the
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Table 1
Polyphenyldiphosphonate-to-(y-ZrP) molar ratios used in the topotactic exchange reactions with derivatives 1 and 2 of Scheme 1 and characterization data of the resulting
materials.
Material Ratio Acid conc.? Zr(PO4)(H2PO4)j1—-(2x4y)) DRX (nm) Integral MAS-*'P NMR Elemental analysis
(M x1073) ([C6HalaP206H: )x([CsH4]nP206H3 )y (H20),° 3 (ppm)*
X y z TGA(%)150-1000°C -16 5 18 Found Calculated
Exp. Calc. C% H% C% H%
vYB30 0.20 (1)1.0 0.18 0.00 2.0 9.0 9.8 1.65 70 30 0 7.6 2.5 7.6 2.1
YB40 0.44 (1)2.0 0.17 0.05 2.0 104 134 1.73 60 40 5 9.0 22 9.1 2.2
YB55 0.65 (129 0.16 0.20 1.5 10.9 21.2 1.96 50 50 20 14.0 23 13.9 2.1
YB60 1.00 (1)5.0 0.13 0.30 1.5 15.5 26.1 2.11 45 55 30 16.2 2.4 15.9 22
Y125 0.20 (2)1.0 0.13 0.00 1.5 9.2 12.8 2.06 75 25 0 8.2 1.8 8.3 1.9
Y135 0.44 (2)2.0 0.16 0.05 2.0 12.6 144 1.96 65 35 5 12.5 2.7 124 23
yT40 0.65 (2)2.9 0.09 0.22 2.0 12.1 24.9 2.20 60 40 25 16.4 2.5 16.7 2.5
yT60 1.00 (2)5.0 0.08 0.35 1.0 16.1 32.0 2.65 50 50 30 226 2.7 222 23

2 Compounds 1 and 2 as in Scheme 1.
b For materials yB and yT, n=2 or 3 respectively.

¢ The reference integral (100) was taken from the signal at —27 ppm which is omitted in the table (see Fig. 1).

standard software provided by Micromeritics. Highly purified
hydrogen (99.9995%) was used to collect the H, isotherms at 77 K.
Previous to all measurements, the materials were activated in vacuo
at 120°C for 16 h to remove any trace of volatile impurities. We
found that He was physisorbed in our materials leading to severe
errors in the estimation of the dead volumes needed for the cal-
culations. Therefore the volumes of the empty flasks, measured
using the He protocol of the ASAP2020, were taken for that pur-
pose. The volume of the small amount of the materials was three to
four orders of magnitude lower than that of the flask thus contribut-
ing to negligible errors in the measurements of H, physisorption.
The H, isotherms displayed complete reversibility in all samples
across the whole range of pressures.

i b, HslOg
() AcOH/H,SO0; (
n

P(OEt),

—_—
NiCl, O H,O
n ( )n (

3. Results and discussion
3.1. Preparation and characterization of the materials

The exchange reaction of native y-ZrP with different amounts
of polyphenyl diphosphonic acids (Table 1) in the usual exfoliation
conditions (1:4 water-acetone at 80°C) led to materials named as
vB (from 4,4’-biphenyl diphosphonic acid; 1 in Scheme 1) and yT
(from 4,4”-p-terphenyl diphosphonic acid; 2 in Scheme 1) whose
solid-state “non-CP” MAS (10 kHz) 3!P NMR (relaxation delay 20s)
are gathered in Fig. 4.

The spectra of Fig. 4 deserve a word before getting into the
details of Table 1. The signals at —27 and —14 ppm correspond to

PO4Et,

§ ) s

_—

PO3H,

I Et,05P

23

H,05P 1(n=1)

2 (n=2)
Scheme 1. .

-27.434 -27.35 4
-13.93
4.914
35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 -40 35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 -40

Chemical Shift (ppm)
(A) yB30 (red), 40 (blue), 55 (green), 60 (black)

Chemical Shift (ppm)
(B) yT25 (red), 35 (blue), 40 (green), 60 (black)

Fig. 4. Solid-state “non-CP” MAS (10kHz) 3'P NMR (relaxation delay 20 s) of the indicated materials (see text).
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surface HoPOy

internal PO4
-27 ppm

bonded PO3H
+5 ppm

Fig. 5. Schematic depiction of tetrahedral phosphates and phosphonates of
exchanged y-ZrP indicating the observed chemical shifts in the solid-state 3'P NMR
spectra.

the internal and surface phosphates of y-ZrP, respectively (Fig. 5).
The phosphonates covalently incorporated to the inorganic layer
showed their resonances at ca. 5 ppm. These are the only three sig-
nals observed when the exchange reaction was performed with
the lowest polyphenyldiphosphonate-to-(-y-ZrP) molar ratio (red
spectra in Fig. 4). At higher ratios, a new signal at ca. 18 ppm was
observed.

In all cases, the intensity decrease suffered by the signal of
the surface phosphates (—14 ppm), relative to the internal ones
(=27 ppm), was accounted for by the covalently bonded phos-
phonates (5ppm), as an obvious consequence of the topotactic
exchange reaction. The new signals at 18 ppm should thus be
assigned to non-bonded phosphonates in view of the following.
There is ca. 13 ppm difference between the chemical shifts of inter-
nal and surface phosphates of y-ZrP which are different by the
number of oxygen atoms bonded to Zr (internal 4, surface 2; differ-
ence 2). The more bonds the phosphate sustains with Zr, the more
shielded the chemical shift. Therefore, if the signals at 5 ppm belong
to the bonded phosphonates which use two oxygen atoms to bind
Zr, it looks reasonable that the resonances at 18 ppm (A =13 ppm)
be attributed to phosphonates “using no oxygen atoms” (difference
2) to bind Zr. Therefore, the integral of the signal at 18 ppm directly
indicates the number of diphosphonates bonded to y-ZrP by only
one of their ends (y in Table 1 and see Fig. 5).

Yet, the main implication of the occurrence of non-bonded phos-
phonates is that the pillaring should have taken place with many

1.96 nm 1.73 nm

211 nm

p“ "\ h\ 1.65 nm
\

\
i |
AT

arbitrary intensity

N I\
A i\
| o 4# s — T T

337

T

SRS SRR

Fig. 6. Schematic representation of a partially pillared structure where some of the
diphosphonate groups have failed to cross-link consecutive layers of the inorganic
salt.

defects forming a structure similar to that schematically depicted
in Fig. 6 [3]. We shall comment on this again shortly.

Combining the NMR data with the elemental analysis we
obtained the molecular formulae listed in Table 1. It should be noted
that y-ZrP could not take up all diphosphonate available in the
reaction medium. For instance, at the polyphenyldiphosphonate-
to-(y-ZrP) molar ratio of 1.0, only half of the put-up organic
molecules was incorporated (x+y=0.43 in Table 1). This should
be the result of the limited area surrounding each phosphate
(0.36 nm?2) which is smaller than the cross-section of the phenyl
groups (0.44nm?). This makes that, at the most, only every other
phosphate on the layer surface can be replaced by a phosphonate.

The interlayer distance (Table 1) deduced from the powder XRD
patterns (Fig. 7) increased regularly with the total amount of incor-
porated phosphonate. This parameter varied from 1.65 to 2.11 nm
and from 1.96 to 2.65 nm for the yB and T series, respectively. In
order to understand these variations we have performed molecular
modeling using the reported crystal structure of y-ZrP and AM1-
refined biphenyl- and p-terphenyl diphosphonates. The shortest
basal separations were easily reproduced by bonding the organic
chains to the opposed faces of two consecutive layers, at the natural
angle (ca. 14° with respect to the perpendicular axis) required by
the tetrahedral arrangement of the surface phosphates, as shown
in Fig. 8A. The larger interlayer distances had to be reproduced by
detaching one of the phosphonate groups (Fig. 8B), in agreement
with the solid-state 3'P NMR spectra (vide supra).

The intermediate interlayer distances should arise from dis-
ordered structures as that of Fig. 6. This disorder should be also

2.20nm 2.06 nm
2.65 nm

arbitrary intensity

14 20 26 32 38
2Theta

A. yB30 (blue), 40 (green), 55 (red) and 60 (black)

2Theta
B. YT25 (green), 35 (blue). 40 (red) and 60 (black)

Fig. 7. Powder XRD patterns of the indicated materials.
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Fig. 8. Simplified molecular models of two consecutive layers of y-ZrP with the covalently bonded diphosphonates 1 (A) and 2 (B) showing the calculated interlayer distances

in agreement with the experimental ones (see text).

responsible of the relatively broad diffractions observed (see for
example red traces in the insets of Fig. 7).

The treatment of materials yB60 and yT60 with hypophosphite
led to new materials named «B60 and «T60 after phase a-ZrP,
because their “non-CP” MAS (10kHz) 3'P NMR spectra (Fig. 9)
resulted very different to those of their precursors and similar to
a-ZrP phases.

5.73

For instance, the chemical shift of the most intense shielded sig-
nal (-21ppm) is in-between those of the internal (—27 ppm) or
surface (—14 ppm) phosphates of y-ZrP. Since in the latter phase
the two types of phosphates are bonded to four and two metals,
respectively, the intermediate chemical shift of —21 ppm suggests
a phosphate bonded to three metals, i.e. belonging to a-ZrP type
(Fig. 10). The most deshielded signal (—5.6 ppm) should be assigned

5.52

140.35 ; 60.00 I

3% 30 25 20 15 10 5 0 -5
Chemical Shift (ppm)

-10 -15 -20 -25 -30 -35 -40

132.31 ) X 67.00 ,

35 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 -40
Chemical Shift (ppm)

Fig. 9. Solid-state “non-CP” MAS (10 kHz) 3'P NMR (relaxation delay 20 s) of materials B60 and oT60 (see text).
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Fig. 10. [somerization of y-ZrP to its allotrope a-ZrP.

to the phosphonate groups. The relative integrals of the signals at
—5.7 ppm (140-132) and —21 ppm (60-67) suggest that materials
«B60 and «T60 may be a laminar, pillared a-ZrP with an approx-
imate molecular formula of [ZI'(HOPO3 )0.6(O3PRPO3 )0_7; R=Cq,Hg
or C;gHq2]. The phosphonate content of phases aB60 and aT60 was
thus similar to that of their parents yB60 and yT60. Therefore, the
intercourse of hypophosphorous acid induced a reasonably clean
isomerization from - to a-ZrP without any appreciable loss of
polyphenyl diphosphonate. Interestingly, there are no signals to
be assigned to free phosphonate groups suggesting that the iso-
merization rendered a much more uniform phase where broken
structures as that of Fig. 3 were less probable. Despite this, crys-
tallinity did not improve much since the powder X-ray diffraction
patterns of materials aB60 and aT60 displayed relatively broad
peaks at 1.36 and 1.88 nm, respectively, distances that are in agree-
ment with the calculated interlayer separation (1.4 and 1.9 nm) for
the a-type phase with nearly perpendicular diphenyl and terphenyl
columns (Fig. 11).

It should be remarked at this point of the discussion that, in pre-
vious work related to pillared y-ZrP with flexible polyethyleneoxa
chains, we observed that hypophosphite smoothly incorporated
into the inorganic lamellae by topotactic exchange, i.e. without
any concomitant isomerization. Hypophosphite has two oxygen

5.56

135.00
L |

‘ 42,86“ 23,56|

Lt il Ll Lt W UL L i L A L L) L L A i B M L MR L L LAt L M e L ]
3% 30 25 20 15 10 5 0 -5 -10 -15 -20 -25 -30

Chemical Shift (ppm)

-35 -40

atoms that can replace the phosphates on the y-ZrP surface which
are precisely bonded to the metals by two oxygen atoms (sky-
blue tetrahedrons in Figs. 5 and 10). The driving force of the vy- to
a-ZrP change in the case of yB60 and yT60 may be due to a com-
bined effect of the rigidity, polarity and bulkiness of the polyphenyl
chains. Another key factor should be the fact that yB60 and yT60
are barely pillared, if at all (vide supra). Rigidity and polarity should
be more important than bulkiness because, despite the large area
of the phenyl cross-section, biphenyl- or p-terphenyl diphospho-
nates were able to react with native y-ZrP respecting its integrity.
Yet, once the phases yB60 and yT60 were in contact with an
hydrolytic medium, the rigid, low polar and high hydrophobic aro-
matic rings which are inclined ca. 14° in the starting y-ZrP, have
a chance to ameliorate their proximity to the polar inorganic sur-
face. Hence, the barely non-pillared y-ZrP is completely disrupted
and the new a-ZrP with perpendicular columns is formed. Pre-
sumably, some of the internal phosphates of y-ZrP lose one bond
with the metal and become a-ZrP type. The whole structure then
starts to horizontally stretch up, moving from the typical y-ZrP
pattern with two sheets of Zr metal atoms per layer to the singly
leafed a-ZrP layers (Fig. 10). Hypophosphite cannot finally incor-
porate into the a-ZrP phase because its two oxygen atoms are
not enough to compensate for the Zr hexacoordination which is
in turn easily fulfilled by the three oxygen atoms coming either
from phosphonates or phosphates (navy-blue tetrahedrons in
Fig. 10).

We tried the y-to-a isomerization of material ®T60 with phos-
phorous and methylphosphonic acids too, with the aim of building
materials whose ideally hexagonal pores (vide infra) had caps
of lower polarity, namely hydrogen or methyl groups, respec-
tively. These reactions rendered materials «T60H and «T60Me
whose solid-state “non-CP” MAS 3P NMR are depicted in Fig. 8.
The absence of the y-phase-signal couple at —27 and —14 ppm
indicates that the y-to-a isomerization did take place again. The
signals at ca. —5 ppm should be attributed as usual to the phos-
phonate groups. The remaining signals in the spectrum of «T60H
can be assigned to phosphite (—15.6 ppm) and a-type phosphate
(—20.4ppm) in a ratio coincident with the approximate formula
ZI‘(HPO3 )0.4(HOP03)0_2(03PC]3H]2P03)0_7. All efforts to obtain a
purer phase were ineffective in our hands.

In the case of aT60Me, the signal at 5.1 ppm should be
assigned to the methylphosponate and its integral, relative
to the phosphonate signal at —5.3ppm, hints to the formula
Zr(MePO3 )p.9(03PC1gH12P03 )0 55 for «T60Me. The appearance of
signals at —27.4 and 16.4 ppm suggest the presence of a separate
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90.00

110.22 2465
—_—

35 30 25 20 15 10 5 0 -5 -10
Chemical Shift (ppm)
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Fig. 11. Solid-state “non-CP” MAS (10 kHz) 3'P NMR (relaxation delay 20 s) of materials «T60H and «T60Me (see text).
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Table 2
Relevant characterization data for the materials a-ZrP studied in this work.

Material a-Zr(RPO3 )6 [(CsHa )nP206 Jo.7-yH2 0 d (nm) Elemental analysis BET area m?/g (% internal)
RPO3 n y %C obs. (calcd.) %H obs. (calcd.)
«B60 OH 2 3.2 1.36 23.7(23.8) 29(3.0) 568 (94%)
o«T60 OH 3 2.5 1.88 32.6 (32.6) 3.0(3.0) 423 (74%)
«B60Li OLi 2 - 1.38 226 (90%)
«T60Li OLi 3 - 1.85 229 (69%)
o«T60H H, OH? 3 2.5 1.93 33.1(33.1) 2.7(3.1) 372 (63%)
aT60Me CHsP 3 0.2 1.87 34.9 (34.6) 29(2.4) 411 (79%)

@ Zr(HPO3 )o.4(HOPO3 )9 2(03PC1gH12P03 )07 (see text).
b Mixed with Zr(PO4)(Me(OH)PO;) in 15% molar ratio.

methylphosphonate y-ZrP phase [Zr(PO4)(Me(OH)PO;)] in ca. 15%
molar ratio mixed with «T60Me. All attempts to avoid this mixture
have been unsuccessful.

Finally, neutralization of the acid OH groups of the surface of
materials aB60 and aT60 with LiOH rendered new composites
«B60Li and «T60Li where the Li* ions will rest at both ends of
the pores, hopefully facilitating hydrogen absorption as it has been
suggested in the literature [9].

Therefore, we have handy a battery of similar porous structures
with very subtle changes in the floor and ceiling of each layer,
namely the presence of OH, OLi, H and Me groups, to asses their
influence on porosity and hydrogen physisorption. To the best of
our knowledge, no other materials allow for this kind of fine-tuned
engineering.

Table 2 summarizes all relevant characterization data for mate-
rials «-ZrP that were tried for hydrogen storage as it will be detailed
below. It may be seen in the table that the elemental analyses are

in excellent accordance with the molecular formulae suggested
from 3P NMR. The prepared a-ZrP materials thus resulted uniform
regarding their content in the organic moiety.

Fig. 12 shows different viewpoints of idealized models of the a-
ZrP phase of formula [Zr(HOPO3 )gg(03PRPO3)0.7]100 (R=CigH12).
Yet, considering the opposing surfaces of two a-ZrP sheets having
100+ 100 phosphorous places, 70 diphosphonates can be arranged
in very different ways as for instance those depicted in Fig. 13. The
relatively low resolution of the X-ray diffraction patterns (Fig. 14)
suggests that the actual arrangement of diphosphonates should be
somewhat disordered.

3.2. Porosity and hydrogen adsorption
Table 3 summarizes all relevant data concerning poros-

ity and hydrogen physisorption of all studied materials.
Brunauer-Emmett-Teller method (BET) analysis [10] rendered

Fig. 12. Idealized models for «T60 indicating the interlayer calculated distance (the models were identical for ®B60 but with two-phenyl-group columns and a reduced

interlayer distance of 1.4 nm).
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Fig. 13. Two possible ways of arranging 70 diphosphonates (red) within opposing surfaces of two sheets of 100 + 100 phosphorous places in a-ZrP and its measurements in
nm. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of the article.)



Table 3
Physisorption data for the indicated materials (see text).

Material (MW g/mol) d? BET areaP (%int.) Volume 800 Torr 15 Torr 500-800 Torr Saturation
Total¢ (D) Accessd (%) %H; (g/L)e Ha/MFgof (Hz/nm3) Slopes Ha/MFgof AHppys" Slope$ Psai' (Ha[MPFegp ) H, (g/L)

B30 (300) 1.65 82(97) 16.56 (1.80) 8.26 (49.9) 1.4(24.3) 122(14.7) 6.0 8 53 14 1.6 (177) 355
vB40 (312) 1.73 54 (69) 17.36 (1.79) 8.59 (49.5) 0.8 (14.5) 76(8.8) 5.3 8 5.2 0.8 2.9(184) 352
~vB40Li (322) 1.70 85 (68) 17.06 (1.88) 8.29 (48.6) 0.9(16.2) 83(10.06) 4.7 7 5.0 0.9 2.4(178) 346
~vB60 (370) 2.11 124 (89) 21.17 (1.74) 11.46 (54.1) 0.4(7.7) 49(4.3) 1.3 2 3.8 0.5 5.5 (245) 385
125 (307) 2.06 130 (96) 20.67 (1.48) 12.06 (58.4) 1.2(17.8) 111(9.2) 47 6 5.0 1.4 2.5(258) 415
~T40 (396) 2.20 74 (87) 22.08(1.79) 12.43 (56.3) 0.7 (13.1) 87(7.0) 2.0 4 4.0 0.9 3.3 (266) 40.0
~T40Li (377) 239 174 (61) 23.98(1.57) 1434 (59.8) 0.8(12.3) 89 (6.19) 6.7 11 5.7 0.7 4.4(307) 425
~T60 (409) 265 86 (87) 26.59 (1.53) 15.56 (58.5) 0.6(9.2) 74(4.7) 20 4 40 0.7 49(333) 416
«B60 (366) 1.36 568 (94) 21.00(1.73) 11.32(53.9) 1.5(25.4) 161(14.2) 6.0 10 5.3 2.0 1.6 (242) 383
aB60Li (369) 1.38 227 (90) 21.31(1.73) 11.63 (54.6) 1.6 (27.2) 175(15.0) 33 6 47 2.0 1.5 (249) 38.8
oT60 (415) 1.88 423 (74) 29.03 (1.42) 18.16 (62.5) 1.5(21.8) 190(10.5) 4.7 8 5.1 1.8 2.2 (389) 445
oT60Li (419) 1.85 229 (69) 28.57 (1.46) 17.70 (61.9) 1.7 (24.5) 211(11.9) 33 6 4.7 2.1 1.8 (379) 44,0
«T60H (399) 1.93 384 (63) 29.81(1.33) 18.93 (63.5) 0.8(11.2) 100(5.3) 2.0 4 4.0 1.0 4.3 (405) 45.1
«T60Me (404) 1.87 411 (79) 28.88(1.39) 18.00 (62.3) 1.4(19.9) 173(9.6) 33 6 43 1.8 2.3(385) 443

@ Interlayer distance (Table 1).

b Specific total area (m? g~1) as calculated from the Brunauer-Emmett-Teller method; percentage of internal microporous area between parenthesis.

¢ Total volume in (nm?) considering two parallelepipeds (Fig. 5) each containing one layer of y-ZrP of formula [Zr(PO4)(H2PO4)]s0 (MFeo) separated by the experimental interlayer distance; D, estimated density (gcm™3).
d Accessible volume estimated by subtraction the calculated volume of all atoms (QSAR, Hyperchem) from the total volume.

¢ Weight % of physisorbed H; and density of stored hydrogen in g/L between parenthesis.

f Amount of physisorbed H, molecules per MFg and, between parenthesis, density of stored hydrogen in molecules of H, per nm? of accessible volume.

2 Slope of the H; isotherm at low and high coverage [wt.% H, x 103 Torr'].

h Estimated enthalpy of interaction at low coverage (k] mol-').

i Saturation pressure (atm) estimated from the slope at high coverage (500-800 Torr) considering 71.0 g/L or 21.4 H, /nm? (liquid H;) as the limiting physisorption of H,.

i Estimated amount of physisorbed H, molecules per FMg at saturation.
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Fig. 14. Powder XRD patterns of the indicated materials.

reasonable specific surfaces, from ca. 130 m2 g~ for y materials to
a maximum of 568 m2 g~ for « counterparts.

Fig. 15 shows the N, isotherm for material ®B60 as a represen-
tative example. The shape of the curve, almost identical for all the
studied materials, showed little hysteresis and belongs to Ib type
[11] with low participation of external area.

By means of Tarazona’s model [12], we have obtained the pore
size distribution on a selection of the studied materials. Results are
graphically gathered in Fig. 16.

Truly pillared materials yB30 and yT25 (Fig. 5) with the lowest
loading of organic phosphonates in the series, showed the presence
of anoticeable distribution of ultramicropores (<0.7 nm; blue traces
in Fig. 16A) which were not present in the corresponding materials
with larger amount of phosphonates. This is in agreement with the
formation of big, irregular pores as those schematically depicted
in Fig. 6 when the amount of phosphonates is increased and the
structure ceases being pillared, as already discussed from DRX and
NMR data (vide supra). On the contrary, the diagrams of materials
«B60 and aT60 which bear a high loading of phosphonates but fully
pillared, showed a large distribution of ultramicropores (mauve and
red traces in Fig. 16B), in accordance with the molecular modeling of
Fig. 9. The incorporation of phosphite or methylphosphonate (as in
aT60H and aT60Me, respectively; blue and green traces in Fig. 16B)
appears to lower the participation of ultramicropores.

The H, physisorption parameters are listed in Table 3 too.
The table also contains some different calculated volumetric fea-
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Fig. 15. Pore size distribution of the indicated materials as calculated by Tarazona’s
model.

tures of the materials. For instance, we have calculated the total
and accessible volumes contained by two consecutive layers of
a- and y-ZrP of formulae [Zr(HPO4 )51 _x)(03P(CeH4)nPO3)x]s0 and
[Zr(PO4)(H3P04)1_2x(03P(CgH4)nPO3 )x 60, respectively, from now
on denoted as MFgo. We have enclosed the inorganic layers in par-
allelepipeds, in the way shown in Fig. 8. Therefore, the total volume
in Table 3 is that of one parallelepiped enclosing one layer plus that
of the interlaminar region, calculated from the experimental inter-
layer distance as measured by DRX. The accessible space has been
estimated by subtracting the volume of all the involved atoms, cal-
culated using the QSAR routine (Gavezotti’s atomic radii and grid
methods [13]) of HyperChem program [14]. It may be seen that the
estimated accessible volume accounts for more than half of the total
volume, the « series being slightly less dense despite their higher
occurrence of organic columns [15]. We have found these volumet-
ric considerations quite useful when assessing H, physisorption
parameters at 77 K.

In materials yB and yT, hydrogen physisorption (cf. 800 Torr col-
umn in Table 3) decreased heavily with the amount of incorporated
phosphonates, frominteresting values up to ca. 1.3% (w/w) for yB30
and yT25 to meagre ca. 0.5% (w/w) for yB60 and yT60. It is remark-
able that considering the volumetric calculations made, material
vB30, the most capable in the y series concerning H, physisorp-
tion, is able to house 122 hydrogen molecules per MFgq (see above)
or, in other words, 14.7 hydrogen molecules per nm3, slightly more
than two thirds the density of liquid H, (71.0 gL~ or 21.4 hydrogen
molecules per nm?). The presence of Li* ions in the v series makes
very little effect if any at all.

Hydrogen physisorption was visibly higher in the « series,
reaching up to 1.7% (w/w) in «T60Li, in our belief quite important a
result for several reasons. We must stress at this point that the sole
consideration of the gravimetric capacity for H, physisorption of
a given material is rather misleading. It may be seen that compar-
ing with yB30, which was able to store 1.4% (w/w), the estimated
number of molecules per MFgg is almost doubled in «T60Li (211 as
compared to 122). Yet, since aT60Li is less dense and bears more
accessible volume than yB30, the density of stored H, resulted
much lower in «T60Li (11.9 hydrogen molecules per nm3), what
strongly suggests that this material still have supplementary room
to allocate additional H, molecules, provided the pressure is some-
what raised. At this moment of the discussion, it would be useful
to have a look into the H; isotherms (Fig. 17).

No trace of hysteresis was ever observed which means that H,
is readily desorbed from the materials. The shape of the curves is
quite striking because most of them are still very steep at 1atm
(Fig. 17A) suggesting that the materials are far from their satura-
tion point. Unfortunately we lack at this moment of the necessary
equipment to measure H, physisorption at higher pressures but the
following estimations are determining us to perform these mea-
surements at the possible earliest. Let us assume that saturation
point is achieved when the physisorbed hydrogen reaches the den-
sity of the liquid. Extrapolation of the curves from the slope at
their end (column “500-800 Torr” in Table 3) allows the guessing
of the necessary pressure to get to that point (column “saturation”
in Table 3). In the cases of yB30 and «T60Li the pressures would
be rather low (1.6 and 1.8 atm, respectively). However, since the
latter is less dense, the hypothetical point of saturation for «T60Li
would be attained by storing double number of H, molecules (377)
than yB30 (177), which would be equivalent to a storage capabil-
ity of 44 g L1 (total volume considered) for «T60Li at an estimated
pressure of only 1.8 atm. If the experiments confirm our estima-
tions, this is a storage capacity within the DOE goals for 2010
[16].

The nature of the groups at the floor and ceiling of the pores
in the « series has an important impact over H, storage. From
aT60Me to aT60 and to aT60Li, capacity varies from 1.4 to 1.7%
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Fig. 16. N, isotherm for material ®B60.

(w/w), clearly showing that polarity is quite important a factor to
facilitate H, physisorption. The fact that «T60H, the less polar in
the series, is able to store only 0.8% (w/w) confirms that assump-
tion. Nevertheless, the inspection of the physisorption isotherms
at their beginning is puzzling (cf. Fig. 14B and column “15 Torr” in
Table 3). The slope at this point of the physisorption is assumed to
be directly proportional to the affinity for the surface of the empty
material of the very first H, molecules reaching the pores. Using
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the literature data [17] one can estimate the energy of interaction
at very low H, coverage (AHppy, in Table 3). It may be seen that
«T60Li is far from bearing the highest AHp;,s but, all things con-
sidered, «T60Li is the material of all tested in this work having the
largest storage capacity for Hy. On the contrary, material yT40Li
with the largest AHppys value ends up storing only 0.8% (w/w) of
H,. It appears that the first 11 molecules that enter the model MFgq
matrix of yT40Li in the first 15 Torr (Table 3), do it with the highest
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Fig. 17. H; isotherms at 77 K of the « series.
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affinity in the series. Unfortunately, the relatively higher density
of the y-ZrP series, precludes this material from storing sensible
amounts of H.

4. Conclusion

Layered ZrP continues showing its versatility. Its synthesis and
transformation involve hydrothermal procedures easy to carry out
with extremely simple equipment which makes quite affordable
the possible scaling-up of the processes. In this paper we have
incorporated simple, easy-to-make organic molecules with the
result of the building of different organic-inorganic scaffolds tried
for their porosity properties and their ability to store hydrogen. We
have shown that with relatively little effort, the supramolecular
structures may be finely engineered by means of reactions per-
formed in the solid-liquid interface in mild conditions. For instance,
the y-ZrP structure containing polyphenyl diphosphonates have
been cleanly isomerized to a-ZrP by reaction with hypophosphite,
phosphite or methylphosphonate, the latter two being incorpo-
rated to the layered structures. While a-ZrP structures may be
achieved by direct synthesis, the kind of y-to-a transformation
described in our work has no precedent in the literature and allows
for the effortless preparation of libraries of similar materials in
which the checking of a given set of properties against subtle struc-
tural changes may be easily performed. This is a unique feature of
layered ZrP which we plan to keep on exploiting in different areas.
Using this rationale we have produced materials able to store up
to 1.7% (w/w) of Hy at 77 K and 1 atm with such high ultra micro-
porosity that the DOE-goal H, densities for 2010 are expected to
be complied at pressures as low as 2 atm. Further work concerning
this aspect is under progress.
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