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A New Inorganic-Organic Hybrid Zinc Phosphate Prepared with
L-Histidine with an Unusual Stability in Water
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ABSTRACT: A new layered zinc phosphate (Mu-39) has been synthesized by hydrothermal treatment with biomolecules as
original templates. It was synthesized with the L-histidine amino acid (C6H9N3O2). The structure was determined by a single
crystal X-ray diffraction study combined with exhaustive solid-state NMR experiments. These last ones [1H f 13C HETCOR,
1
H single quantum/double quantum (DQ), 31P, 1H f 31P CPMAS, 1H f 31P HETCOR] ascertained the formulation of Mu-39
as {[C6H10N3O2þ][Zn2(HPO4)(PO4)-] 3 H2O}n with a hydrogen phosphate and phosphate ligands, and ruled out partial
protonation such as (H1-xPO4)(HxPO4). A 31P magic angle spinning (MAS) NMR study supported the almost complete
racemization of L-histidine during the hydrothermal synthesis with only a small enantiomeric excess of 25% remaining. The
compound crystallizes in the triclinic symmetry (space group P1) with a = 8.6109(6) Å, b = 9.0319(6) Å, c = 9.9523(7) Å, and R
= 84.481(2)°, β = 83.279(2)°, γ = 74.652(2)°, V = 739.56(9) Å3, Z = 2. The inorganic layer is built up from four-membered
rings sharing T-O-T bonds (T = Zn and P) and connected to each other in order to form ladders which are joined together via a
Zn-O-P bond for creating eight-membered rings. The interest and the originality of this new zinc phosphate come especially
from its unusual stability in aqueous solution.

Introduction
In the past few years, extensive investigations by numerous
researchers have given rise to many new open-framework
metal phosphates.1,2 Among these materials, zincophosphates
display a large variety of microporous compounds with zero-,3
one-,4 two-,5 and three-dimensional6 (0D, 1D, 2D, and 3D)
structures. They have drawn the attention of researchers
because of their chemical and physical properties, and the
applications as nonlinear optical materials, for example,
catalysts.7 These materials are typically synthesized under
hydrothermal or solvothermal conditions in the presence
of various amines as structure-directing agents (SDAs) for
example.
The introduction of SDA, generally protonated amines or
alkylammonium cations, is crucial for the formation of the
phosphate-based materials.8,9 After the synthesis, it is observed in the pores of the material and can sometimes be
bound to the inorganic framework via T-N or T-O-C
bonds (T = Zn, Ga, ...).9-12 Such connections between
inorganic and organic parts are also observed in the oxalatephosphate systems (Ga-O-C bonds) and for phosphonate
materials where a P atom is directly linked to a carbon atom
(belonging to R group) in PO3R. 13,14
Histidine is one of the essential amino acids. In the monomeric form, it is a polydentate ligand which can coordinate to
metal centers (e.g., Zn, Cu, Ni, Co, V) through the imidazole,
the amino, and/or the carboxyl groups. It was seldom used
for the synthesis of open-framework materials. Fan et al.
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introduced D-histidine in the starting mixture and obtained a
zinc phosphate [Zn(HPO4)(C6H9N3O2)], which was the first
zinc phosphate framework to be templated by an N-bonded
chiral amino acid.15 The framework results from a vertexshared ZnO3N and HPO4 tetrahedra forming four-membered
rings which are linked to generate a 1D ladder structure. This
last one is stabilized by the imidazole-containing pendant
ligands that bind zinc. In 2006, Chen and Bu obtained a
new zinc phosphite [Zn(HPO3)(DL-C6H9N3O2)(H2O)1/2].16 In
this case, the histidine is a bidentate linker between two tetrahedral metal centers (Zn-O-N and C-O-Zn bonds). The
2D structure results from the connection of four-membered
rings connected by neutral zwitterionic histidine.
Here, we report the synthesis and the characterization of a
new zinc phosphate named Mu-39 templated by a C-bonded
histidine.
Experimental Section
Synthesis. The zincophosphate Mu-39 crystallized from the
following molar composition of the starting mixture: 2 ZnO/x Lhistidine/1 P2O5/160 H2O/0.002 tripropylamine (TPA). The reactants were phosphoric acid (H3PO4, Riedel de Ha€en 85%), zinc
acetate ((CH3CO2)2Zn 3 2H2O, Fluka 98%), L-histidine (C6H9N3O2,
Fluka 99.5%), and tripropylamine (TPA, (CH3CH2CH2)3N, Fluka
>98%). Typically, 1.0 g of phosphoric acid was added to a solution
prepared by mixing 1.9 g of zinc acetate, 0.7 g of L-histidine, and 12.5
g of distilled water. Then, the pH was increased with 0.3 g of TPA to
pH = 4.5. After magnetic stirring for 5 min, the mixture was
transferred to a 20 mL PTFE-lined stainless-steel autoclave. The
zinc phosphate Mu-39 was obtained after heating at 150 °C for 3
days (x = 1) or 180 °C for 3 days (x = 2). After crystallization, the
product was filtered and dried at 60 °C overnight.
r 2011 American Chemical Society
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X-ray Structure Determination. Suitable single crystals were carefully selected under a polarizing microscope. Data collection: Rigaku
R-axis Spider image plate detector diffractometer, temperature 203(2)
K, Mo-KR-radiation (λ = 0.71073 Å), graphite monochromator,
double-pass method ω-scan. Data collection, cell refinement, and data
reduction were realized with CrystalClear,17 empirical (multiscan)
absorption correction with ABSCOR.18 Structure Analysis and Refinement: The structure was solved by direct methods (SHELXS-97);
refinement was done by full-matrix least-squares on F2 using the
SHELXL-97 program suite.19 All non-hydrogen positions were refined
with anisotropic temperature factors. Hydrogen atoms for aromatic
CH, aliphatic CH, CH2 were positioned geometrically (C-H = 0.94 Å
for aromatic C-H, C-H = 0.99 Å for aliphatic CH, C-H = 0.98 Å for
CH2) and refined using a riding model (AFIX 43 for aromatic CH,
AFIX 13 for aliphatic CH, AFIX 23 for CH2) with Uiso(H) = 1.2Ueq(CH). Hydrogen atoms of the water molecule, of the hydrogenphosphato ligand and of the nitrogen atoms of the histidine ligand, were
found and refined with Uiso(H) = 1.5Ueq(O,N). The alpha and
beta carbon atoms C2 and C3 of the amino acid were disordered at a
ratio of 76% (C2A, C3A) and 24% (C2B, C3B) to give the other
enantiomer, irrespective of the centrosymmetry.
In view of the enantiopure amino acid L-histidine used in the
synthesis, the structure refinement was first attempted in the
non-centrosymmetric space group P1. Crystals with an enantiopure group require an acentric space group. Attempts to
refine Mu-39 in P1 (with the doubled asymmetric unit, that is,
four crystallographically different zinc, phosphorus, etc. atoms)
were not satisfactory. There were large correlation matrix elements between all pairs of Zn, P, and O atoms. The Flack
parameter (absolute structure parameter) refined to 0.19(3)
and a possible racemic twin or wrong absolute structure was
suggested by SHELX. 20 The E-statistics, that is, the mean |E 2 1| value of 0.892 (expected 0.968 for centrosymmetric and 0.736
for non-centrosymmetric space group) also suggest the centrosymmetry. Furthermore, the thermal ellipsoids for the R- and βcarbon atoms of one of the two crystallographically different Lhistidine were very large giving for the R-carbon a trigonalplanar coordination so that its absolute configuration could not
be determined. In the refinement, the model did not converge in
the parameters for these two C-atoms. A symmetry check with
PLATON on the P1 refinement also suggested the centrosymmetric space group P1.21 The refinement in structure in P1
converged well and yielded better wR values.
We note that while most amino acid complexes crystallize in noncentrosymmetric space groups,22,23 there are few crystal structures of
amino acid complexes reported in centrosymmetric space groups.24,25
There are two possible explanations for a more successful refinement
of Mu-39 in P1 than in P1: one explanation is that the pairs of
coordinates of the atoms in P1, apart from the chiral R-carbon atom,
are closely related by x, y, z and -x, -y, -z.25 Another explanation is
that (at least a partial) racemization of the amino acid has occurred
under the reaction conditions. Racemizing conditions for amino acids
and derivatives have been reported and histidine is racemized under both
alkaline and acidic conditions at high temperature.26,27 In particular, the
zinc phosphate [Zn(HPO4)(histidine)]n with a 1D ladder structure,
prepared from zinc oxide, phosphoric acid, sodium hydroxide, water,
and enantiopure D-histidine hydrochloride, under hydrothermal conditions (10 days, 125 °C) crystallized in space group P1 as an achiral
compound with a racemic amino acid mixture.15 However, whether the
structure of Mu-39 is refined in P1 or P1, the individual molecular
features are the same.
Crystal data and details on the structure refinement are given in
Table 1. Graphics were drawn with DIAMOND.28
Characterization. Powders were characterized by X-ray diffraction
(XRD) on a STOE STADI-P diffractometer equipped with a curved
germanium (111) primary monochromator and a linear position).
sensitive detector using Cu KR1 radiation (λ = 1.5406 Å
The X-ray thermodiffraction study was carried out upon air on a
Panalytical X’pert Pro apparatus equipped with a HTK 1200 high
temperature oven chamber from Anton Paar.
The morphology and average size of the crystals were determined
by scanning electron microscopy (SEM) using a Philips XL30
microscope.
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Table 1. Crystal Data and Structure Refinement for Mu-39
empirical formula

C6H13N3O11P2Zn2

M/g mol-1
crystal size/mm
crystal appearance
2θ range/°
completeness to 2θ/%
h; k; l range
crystal system
space group
a/Å
b/Å
c/Å
R/°
β/°
γ/°
V/Å3
Z
Dcalc/g cm-3
F(000)
μ/mm-1
max/min transmission
reflections collected
indep reflections (Rint)
obs reflect [I > 2σ(I)]
parameters refined
max/min ΔFa/e Å-3
R1/wR2 [I > 2σ(I)]b
R1/wR2 (all reflect)b
goodness-of-fit on F2c
weight scheme w; a/bd

495.87
0.34  0.16  0.05
parallelepiped, colorless
6.04-54.96
99.6
-11,10; ( 11; ( 12
triclinic
P1
8.6109(6)
9.0319(6)
9.9523(7)
84.481(2)
83.279(2)
74.652(2)
739.56(9)
2
2.227
496
3.525
0.8435/0.3803
13332
3364 (0.0322)
3109
260
0.687/-1.445
0.0330/0.0665
0.0364/0.0679
1.089
0.0000/2.7980

a
Largest difference peak and hole. b R1 = [Σ(||Fo|-|Fc||)/Σ|Fo|];
wR2 = [Σ[w(Fo2 - Fc2)2]/Σ[w(Fo2)2]]1/2. c Goodness-of-fit = [Σ[w(Fo2 Fc2)2]/(n - p)]1/2. d w = 1/[σ2(Fo2) þ (aP)2 þ bP] where P = (max(Fo2 or
0) þ 2Fc2)/3.

Thermogravimetric (TGA) and differential thermal (DTA) analyses were performed under air on a Setaram Labsys thermoanalyser with a heating rate of 5°/min up to 1100 °C.
Elemental analyses (for Zn and P) were performed by measuring
X-ray fluorescence (XRF) with a Magix Philips (2.4 kW). Samples
were packed into pellets 13 mm diameter.
The solution phase 1H NMR spectrum was recorded on a Bruker
Avance 400 spectrometer. The recording conditions were chemical
shift reference: TMS, pulse width: 1.3 μs, flip angle: π/3, recycle
time: 3 s. It allowed us to identify and to determine the amount of the
organic species occluded in the structure of the zinc phosphate Mu39. The sample was prepared by dissolution of a precise amount of
Mu-39 in hydrochloric acid, 1,4-dioxane in D2O solution being used
as an internal reference.
The solid-state NMR experiments were performed at room
temperature on Bruker Avance II 400 or 300 spectrometers operating at B0 = 9.4 T and B0 = 7.1 T, respectively. The recording
conditions are reported in Table 2. Spin lattice relaxation times (T1)
were estimated with the inversion-recovery pulse sequence for the
1
H and with the saturation-recovery pulse sequence for the 31P. All
cross polarization magic angle spinning (CPMAS) NMR experiments were acquired using a ramp for Hartmann-Hahn matching.
For the 1H double quantum (DQ) MAS NMR experiment, the
duration of the excitation/reconversion of the double quantum
coherences of the back-to-back (BABA) pulse sequence were adjusted to 2 rotor periods (66.7 μs).29 15N spectrum was originally
referenced to glycine and the spectrum was then converted to the
nitromethane scale using the relationship: δ 15N(nitromethane) =
δ15N(glycine) - 348.5 ppm. Deconvolutions of the spectra were
performed using Dmfit software30 with Gaussian/Lorentzian functions.

Results and Discussion
Synthesis and Crystal Morphology. Table 3 reports the
influence of the addition order of reactants on the XRD
result for a temperature of synthesis of 180 °C. No significant
difference is observed if H3PO4 is mixed with the zinc source
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Table 2. Recording Conditions of the Solid State NMR Spectra
1
31

P MAS

chemical shift reference
frequency (MHz)
pulse width (μs)
flip angle
contact time (ms)
recycle time (s)
spinning rate (Hz)
probe (mm)
no. of scans

85% H3PO4
161.98
0.72
π/12
/
17.35
14000
4
350

H f 31P CP
MAS

1
H f 31P
HETCOR

85% H3PO4
161.98
4.75
π/2
0.05-1
10
25000
2.5
64

85% H3PO4
161.98
2.5
π/2
0.01
10
25000
2.5
64

1

H f 15N CP
MAS
CH3NO2
30.41
7.25
π/2
8
10
4000
7
30000

1

H f 13C
CPMAS

1
H f 13C
HETCOR

TMS
100.61
5.7
π/2
0.5
10
14000
4
96

TMS
100.61
5.7
π/2
0.5
10
14000
4
192

1

H DQMAS
TMS
400.13
1.95
π/2
/
4
30000
2.5
128

Table 3. Synthesis Performed Using the System 2 ZnO/1 P2O5/160 H2O/x L-Histidine/0.002 TPA (tripropylamine)a
sample

composition of the starting gel
x L-histidine

T (°C)

crystallization time

XRD results

Ad
Bf
Ce
De
E

1
1
1
1
0

180
180
180
150
180

3 days
2 days
3 days
3 days
36 h

Mu-39b þ traces of Hopeitec
Mu-39b þ traces of hopeitec
Mu-39b þ hopeitec
Mu-39
hopeiteb,c þ n.id. impurity

a
Influence of the reactants addition order. b Major phase. c Hopeite: Zn3(PO4) 3 4H2O. d Reactants addition order 1: [(CH3CO2)2Zn 3 2H2O þ H3PO4] þ
aqueous solution of L-histidine. e Reactants addition order 2: [(CH3CO2)2Zn 3 2H2O þ L-histidine] þ [H3PO4 þ H2O]. f Reactants addition order 3:
[L-histidine þ H3PO4] þ aqueous solution of (CH3CO2)2Zn 3 2H2O. n.id.: non identified.

Table 4. Synthesis Performed Using the System 2 ZnO/1 P2O5/160
H2O/x L-Histidine/0.002 Tripropylamine (TPA)a
sample

x

T (°C)

crystallization time (day)

XRD results

F
D
G
H
I
J

1
1
1
1
0.5
2

180
150
150
90
180
180

3
3
1
3
3
3

Mu-39b þ hopeitec
Mu-39
Mu-39b þ hopeitec
Mu-39b þ hopeitec
hopeitec
Mu-39

a
Reactants addition order [(CH3CO2)2Zn 3 2H2O þ L-histidine] þ
[H3PO4 þ H2O]. b Major phase. c Hopeite: Zn3(PO4) 3 4H2O.

(order 1) or L-histidine (order 3): the zinc phosphate Mu-39
cocrystallizes with traces of hopeite. On the other hand, the
addition of H3PO4 to the mixture of zinc and histidine (order
2) induces a higher crystallization of hopeite. In this case, a
decrease of the temperature to 150 °C allows obtaining pure
Mu-39. Furthermore, synthesis performed without L-histidine leads to the crystallization of hopeite with an unknown
phase. It means that the amino acid plays a key role in the
synthesis of the zinc phosphate Mu-39.
Table 4 reports experiments obtained with the following reactants addition order [(CH3CO2)2Zn 3 2H2O þ Lhistidine] þ [H3PO4 þ H2O] (order 2, Table 3). It shows that
for a crystallization time of 1 and 3 days, the optimized
temperature of synthesis is 150 °C (sample D). For a higher
or lower temperature (samples F and H), and for lower
crystallization time (sample G), hopeite [Zn3(PO4) 3 4H2O]
is formed. On the other hand, a molar ratio of L-histidine of 2
(sample J) rather than 1 or 0.5 (samples F and I) prevents
hopeite crystallization at 180 °C.
Crystals of the zinc phosphate Mu-39 display hexagonal
prismatic morphology. Their average sizes are 445  140 
45 μm (Figure S1, Supporting Information). From a crystallographical point of view, the crystal is perfect since a single
crystal structure determination was possible.
XRD Analysis. The powder diffraction pattern of the zinc
phosphate Mu-39 (Figure S2, Supporting Information) was
indexed in triclinic symmetry with the following unit cell
, b = 8.9847(5) Å
, c = 9.8632(9)
parameters: a = 8.5961(5) Å
Å, R = 84.975(5)°, β = 83. 497(5)°, γ = 74.846(5)°. The

simulated one calculated from structure elucidation (Figure
S2, Supporting Information) fits the experimental one well.
The slight differences observed for the unit cell parameters
are induced by the presence of a disorder. The most important difference is observed for the c parameter related to the
interlayer space which is sensitive to the presence of water
and to the configuration of the histidine molecules.
Structure Description. The crystal structure of Mu-39
contains two crystallographically different zinc atoms, a
hydrogenphosphato, a phosphato, and a protonated histidine ligand as well as a water molecule of crystallization per
formula unit of {[C6H10N3O2þ][Zn2(HPO4)(PO4)-] 3 H2O}n
(Figure 1). For the charge balance, the histidine is protonated at the imidazole ring and also retains the zwitterionic
nature of the ammonio-carboxylate moiety upon coordination to zinc to give an overall singly positive ligand. The
coordination of a cationic ligand to a metal atom is rare.31
The histidine ligand coordinates to Zn1 in a monodentate
mode through one of its carboxylato oxygen atoms. The
hydrogenphosphate ligand is linked to three zinc atoms, the
phosphate ligand to four zinc atoms, thereby employing all
P-O functions in metal coordination. The bridging action of
the (hydrogen)phosphate ligands in Mu-39 gives rise to a 2D
layer structure where each {PO4H2-} tetrahedron links three
and each {PO43-} tetrahedron links three and four {ZnO4}
tetrahedra, respectively (Figures 1b and 2). These layers run
parallel to the ab plane.
Adjacent layers are organized through the Coulomb attraction between the positive ammonium and imidazolium
groups of histidine and the negative phosphate group,
supported by charge-assisted hydrogen bond (Table 6, Figure 3).15,31-33 The histidine ligands keep the layers apart
(Figure 4), similar to the function of ammonium-alkylidene
groups in diphosphonate-metal networks.33,34 In addition to
the strong Nþ-H 3 3 3 -O and O-H 3 3 3 -O hydrogen bonds,
there is a single short interlayer C-H 3 3 3 -O hydrogen bond
whose presence was confirmed by the 1H f 31P HETCOR
NMR experiment (to be discussed below, cf. Figure 9).
The other reported zinc phosphate with histidine of
formula [Zn(μ3-HPO4)(histidine-kN)]n forms a 1D ladder
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Figure 1. (a) Thermal ellipsoid plot (50% probability) of the two symmetry independent zinc phosphate coordination spheres in Mu-39 with
(b) polyhedral representation around zinc and phosphorus; selected distances and angles in Table 5; hydrogen bonds are as dashed orange lines.

Figure 2. Section of a layer in Mu-39 with polyhedral representation around the Zn and P atoms.
Figure 4. Layer arrangement in Mu-39 along c. The interlayer
hydrogen bond is not shown for clarity but depicted in Figure 5
and noted in Table 6.

Figure 3. Hydrogen bond interactions (dashed orange lines) in Mu39 with polyhedral representation around Zn and P; see Table 6 for
details.

structure with each tetrahedral Zn atom coordinated by
three O atoms from three different HPO4 bridges and the
histidine N atom.15 The histidine is a neutral ligand with the
zwitterionic ammonio-carboxylate moiety which only takes
part in hydrogen bond but not in metal coordination. Still, as
in Mu-39 the organic histidine groups separate the Znhydrogen phosphate strands.
The protic hydrogen atoms of the water molecule, of the
hydrogenphosphato ligand and of the nitrogen atoms of the
histidine ligand in Mu-39 were found in the X-ray data

Fourier maps and their atomic positions could be freely
refined. Yet, from X-ray data a partial hydrogen atom
occupation in these positions together with a partial protonation of the second phosphato ligand cannot be ruled out.
Such a partial hydrogen occupation on piperazinium and
phosphate was found in the mixed-valence iron phosphates
1D-{[C 4 N 2 H 11.6 ]1.5 [Fe II Fe III (PO 4 )(H 0.8 PO 4 )2 ] 3 H 2 O} and
3D-[FeII5FeIII2(PO4)2(H0.5PO4)4].35 To ensure the correct
structural assignment of Mu-39 with an HPO42- and a
PO43- ligand we have carried out solid-state MAS NMR
experiments [1H f 13C HETCOR, 1H single quantum/
double quantum (DQ), 31P, 1H f 31P CPMAS, 1H f 31P
HETCOR] to ascertain the protic H atom positions.
Furthermore, the question of enantiopure or (partially)
racemized histidine remained open from the X-ray structure
determination. In this case, solid-state NMR, via 31P MAS
NMR can help to answer the question of two symmetry
independent formula units in the asymmetric unit which
would be needed for the enantiopure L-histidinium compound with the present unit cell in space group P1 versus one
formula unit for the racemic histidinium compound in space
group P1.36,37
NMR Spectroscopy. Solution phase 1H NMR spectrum
recorded after dissolution of Mu-39 in an aqueous hydrochloric
acid solution displays the presence of histidine molecules
(Figure S3, Supporting Information) (δ = 8.7 ppm: N-CH=N,
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δ = 7.5 ppm: CdCH-N, δ = 4.5 ppm: CH-NH2, δ = 3.5
ppm: CH2) which confirms their stability under the hydrothermal synthesis conditions. No specific signals were
observed for OH, NH2, and NH groups because these
protons are mobile and in rapid exchange with deuterium
of HOD.
Thanks to the presence of an internal standard (dioxane
δ = 3.7 ppm), the experiment also allows determination of
the amount of histidine which was estimated to be 34.4 wt %
(structure determination: 35.1 wt %).
Table 5. Selected Bond Distances (Å) and Angles (°) in Mu-39a
Zn1, P1
Zn1-O1
Zn1-O5
Zn1-O7i
Zn1-O9
P1-O1
P1-O2
P1-O3
P1-O4
O1-Zn1-O5
O1-Zn1-O7i
O1-Zn1-O9
O5-Zn1-O7i
O5-Zn1-O9
O7i-Zn1-O9

Zn2, P2
1.960(2)
1.932(2)
1.901(2)
1.981(2)
1.538(2)
1.512(2)
1.513(2)
1.584(3)
118.1(1)
97.4(1)
115.0(1)
118.3(1)
101.5(1)
106.8(1)

Zn2-O2
Zn2-O3ii
Zn2-O6
Zn2-O8iii
P2-O5
P2-O6
P2-O7
P2-O8
O2-Zn2-O3ii
O2-Zn2-O6
O2-Zn2-O8iii
O3ii-Zn2-O6
O3ii-Zn2-O8iii
O6-Zn2-O8iii

1.959(2)
1.936(2)
1.953(2)
1.918(2)
1.543(2)
1.552(2)
1.516(2)
1.521(2)
119.2(1)
109.2(1)
97.0(1)
104.3(1)
107.8(1)
120.4(1)

a
Symmetry transformations: i = 1 - x, -y, 1 - z; ii = -x, 1 - y,
1 - z; iii = 1 - x, 1 - y, 1 - z.

The 1H f 13C CPMAS and 1H f 15N CPMAS spectra of
the zinc phosphate Mu-39 reported in Figure 5 confirm
clearly the presence of histidine in the structure.
However, compared with the spectrum of L-histidine used
for the synthesis, all 13C resonances, except those attributed
to carbon 1, are shifted to the chemical shift corresponding to
the protonated histidine (not reported). In order to have a
complete mapping of hydrogen atoms present in Mu-39, 1H
f 13C HETCOR spectrum was first performed (Figure 6).
On the basis of the strongest correlations obtained by this
technique, the resonances of the following protons may be
initially assigned: δ = 5.2 ppm: C2H, δ = 7.4 ppm: C6H, δ =
7.6 ppm: C3H2, δ = 8.5 ppm: C5H. On the other hand, each
carbon-4, -5, -6 of the imidazole ring presents two correlations with protons. The proton at 16 ppm is assigned to
nitrogen-3 through its correlations to carbon-5 and -6.
Similarly, the correlation between the proton at 15 ppm
and carbon-4 indicates that this last proton is bonded to
nitrogen-2 (Figure S4A, Supporting Information). Although
these assignments of protons are without doubt and prove
that the histidine is in its protonated form, the resonances of
these two protons are unusually and dramatically deshielded
(15 and 16 ppm). One other carbon (carbon-2) is also
correlated with two kinds of protons (Figure S4B, Supporting Information). The first kind characterized by a 1H
chemical shift of 5.2 ppm presents the most intense correlation: it is logically assigned to the proton directly bonded to
C2 as has been reported above. The less intense correlation,

Table 6. Hydrogen Bond Interactions in Mu-39
D-H 3 3 3 A

a

D-H (Å)

H 3 3 3 A (Å)

D 3 3 3 A (Å)

D-H 3 3 3 A (°)

0.76(5)

Intralayer
1.89(5)

2.652(4)

172(5)

N1-H1B 3 3 3 O2(P1)iv
N1-H1B 3 3 3 O8(P2)vi
N1-H1C 3 3 3 O10(C1)iv
N2-H2 3 3 3 O1(P1)v
N3-H3 3 3 3 O6(P2)vii
C2A-H2A 3 3 3 O7vi

0.89(5)
0.89(5)
0.95(4)
0.83(5)
0.84(4)
0.99

Interlayer
2.22(5)
2.37(5)
2.36(4)
1.95(5)
1.84(5)
2.34

3.031(4)
2.912(4)
3.045(4)
2.774(4)
2.677(3)
3.2898(9)

152(4)
119(4)
128(4)
173(4)
171(4)
161

N1-H1A 3 3 3 O11iv
N1-H1C 3 3 3 O11
O11-H11A 3 3 3 O3(P1)viii
O11-H11B 3 3 3 O5(P2)

Involving the crystal water molecule with O11
0.91(5)
1.94(5)
0.95(4)
2.37(4)
0.79(5)
2.16(5)
0.88(5)
1.88(5)

2.839(4)
3.178(5)
2.862(4)
2.756(4)

169(4)
143(4)
148(5)
171(5)

(P1)O4-H4 3 3 3 O10(C1)

a
D = donor, A = acceptor. For found and refined atoms the standard deviations are given. Symmetry transformation: i = 1 - x, -y, 1 - z; ii = -x, 1
- y, 1 - z; iii = 1 - x, 1 - y, 1 - z; iv = 1 - x, 1 - y, -z; v = 1 - x, -y, -z; vi = x, y, z - 1; vii = 1 þ x, y, z - 1; viii = 1 þ x, y, z.

Figure 5. (a) 1H f 13C CPMAS and (b) 1H f 15N CPMAS spectra of the zinc phosphate Mu-39.
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Figure 6. 1H f 13C HETCOR spectrum of the zinc phosphate Mu-39.

Figure 7. 1H single quantum/double quantum (DQ) MAS NMR spectrum of the zinc phosphate Mu-39. Black lines (;;) correspond to the
correlation between two different proton sites; black points (b) correspond to the autocorrelation.

with the proton at 8.5 ppm is more difficult to interpret.
Indeed, the signal at 8.5 ppm has already been clearly
assigned to the proton bonded to C5, and the long distance
between C2 and proton of C5H group cannot allow the
observation of a correlation (contact time = 0.5 ms). Therefore, the second kind of proton should be associated to
protons of the ammonium group (N1H3þ) in alpha to C2.
To confirm this hypothesis, a 1H single quantum/double
quantum (DQ) MAS NMR spectrum of the zinc phosphate

Mu-39 was recorded (Figure 7). This experiment provides
evidence for dipolar coupled protons; the presence of a signal
in the DQ spectrum indicates that two types of protons are in
close proximity (<5 Å).38 In our case, the DQ MAS NMR
spectrum shows that the 1H resonance at 8.5 ppm exhibits a
strong autocorrelation (peak displayed on the dotted line
diagonal of the 2D spectrum): it is associated with the NH3þ
ammonium group. Moreover, the two correlations between
this resonance at 8.5 ppm and the signals at 15 and 16 ppm
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prove that this resonance also corresponds to the proton of
the C5H group. On the other hand, an autocorrelation is also
surprisingly observed at 5.2 ppm, while the CPMAS spectrum showed clearly that this resonance corresponds to the
single proton bonded to C2. Therefore, the signal at 5.2 ppm
is associated with two types of protons: the proton bonded to
C2, confirmed here by the correlation between C2H (5.2 ppm)
and C3H2 (7.6 ppm), and a group of at least two protons in
very close proximity. It is reasonable to assume that this
signal could correspond to the crystal water molecule described by X-ray diffraction. Finally, a new resonance
appears at 9.6 ppm, correlated with C6H at 7.4 ppm. It is
not observed in the 1H f 13C HETCOR spectrum which
suggests that the associated proton belongs to the inorganic
framework (see below).
In order to identify this last proton, a 31P MAS NMR
spectrum was recorded. It displays two main signals at -0.4
and 2.8 ppm (Figure 8). The relative areas, close to 1:1,

Figure 8. 31P MAS NMR spectrum of the zinc phosphate Mu-39
with its deconvolution.

Figure 9. 1H f 31P HETCOR spectrum of the zinc phosphate Mu-39.

Mekhatria et al.

indicate the existence of two distinct crystallographic phosphorus sites. From the 1H f 31P CPMAS NMR spectrum
recorded with different contact times, the signal at 2.8 ppm is
unambiguously assigned to the P-O-H entity because of an
extreme sensitivity to even very low contact time (increasing
of the relative intensity) (Figure S5, Supporting Information). This demonstrates a very close proximity between a proton and a phosphorus atom as in a P-O-H
bond. Because of an absence of sensitivity, the second signal
at -0.4 ppm is assigned to the P-O-Zn group (P2-O-Zn
according to the structure elucidation (Figure 1). The presence of a small resonance at 4.1 ppm represents an impurity
identified as hopeite (1% of the total 31P signal area). The
deconvolution shows that the resonance at -0.4 ppm could
be divided into two components (-0.4 and -1.0 ppm) as
could the signal at 2.8 ppm (resonances at 2.8 and 2.3 ppm).
The relative areas of the two major signals in green and those
of the two minor resonances in blue as observed in Figure 8
are close to 1:1 in each case.
This shows the presence of two types of species, each
containing two phosphorus sites in equal proportions and
could confirm the hypothesis of an incomplete racemization
of starting L-histidine to D-histidine. The racemate (green)
which crystallizes in space group P1 is the major component in Mu-39. Yet, the bulk still contains enantiopure
crystals or - as suggested by the disorder of C2 and C3 (see
section on X-ray Structure Determination) - individual
crystals contain enantiopure regions where the space group
would then be P1 with two symmetry independent formula
units in the asymmetric unit. Thus, there should then
be two 31P MAS NMR signals each for the HPO42- and
the PO43- ligands in these enantiopure regions.36,37,39,40
One signal is still under the major green resonance and the
second signal for each HPO42- and PO43- ligand is the blue
component. The relative intensities of the resonance at 2.8
(green) to 2.3 (blue) and at -0.4 (green) to -1.0 (blue) are
1:0.22 and 1:0.19, respectively, with 1:0.20 as the average.
This amounts to 0.20/(1-0.20) % for the enantiopure
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material or a remaining enantiomeric excess
of 25%.
Finally, in order to understand interactions between the
histidine and the inorganic framework which explains the
surprising stability of this zinc phosphate, a 1H f 31P HETCOR
spectrum of Mu-39 (Figure 9) was recorded with a very short
contact time (0.01 ms). Six resonances at 5.2, 7.4, 8.5, 9.6, 15,
and 16 ppm are observed on the proton dimension. The most
intense one at 9.6 ppm is particular: it presents a very strong
correlation with the 31P signal at 2.8 ppm previously assigned
to the P-O-H group. It can be concluded unambiguously that
the resonance at 9.6 ppm corresponds to P1-O-H. The other
correlations exhibit different kinds of hydrogen bonds. The
first one is between the P1-O-H hydrogenphosphato group
and the resonance to 15 ppm (N2H see above) (Figure 3,
Table 6) and between P2-O-Zn (31P signal at -0.4 ppm) and
N3H groups (16 ppm). These two hydrogen bonds between
the NH groups of the imidazole ring and the phosphate
explain the strong deshielding observed for the two NH
protons already mentioned above. They participate in the
coherence of the structure and in the exceptional stability of
the material in aqueous solution. The 1H f 31P HETCOR
spectrum highlights the spatial proximity between the two
crystallographic phosphorus sites and several other protons
which induces interactions between P2-O-Zn (-0.4 ppm) and
protons at 5.2 ppm (H-O-H and C2-H) (Figure 5, Table 6).
This phosphate group interacts also with C6-H of the imidazole ring (8.5 ppm). In fact, the hydrogenophosphato group
(P1-O-H) interacts also more weakly with the structural
water (5.2 ppm) and with the proton bonded to the C5 of the
imidazole ring (7.6 ppm).
Chemical and Thermal Analyses. According to the chemical analyses, the zinc phosphate Mu-39 has a molar ratio
P/Zn of 1.07 which is in agreement with the structure
determination (P/Zn = 1). Its thermal behavior was first
investigated by TG/DT analyses (Figure S6, Supporting
Information). The total weight loss (34.1 wt %), in agreement with the structure determination, occurs in several
steps and is attributed to the water desorption and to the
decomposition of the histidine molecules. A solution phase
1
H NMR experiment after dissolution of Mu-39 heated at
450 °C shows that histidine molecules are decomposed or
polymerized to a mixture of nonidentified organic compounds.
The thermal behavior of Mu-39 was also investigated by
high temperature XRD analyses. It appears that Mu-39 is
transformed to an amorphous phase at ca. 250 °C (Figure S7,
Supporting Information). It recrystallizes from 550 °C into
β-Zn2P2O7 [ICDD 00-034-1275]. A shift of 0.71° (/2θ) is
observed on XRD patterns when the temperature is higher
than 500 °C. This phenomenon is induced by an inflation of
the sample when the organic molecules decompose.
Stability in Aqueous Solution. In order to determine the
stability in water of the zinc phosphate Mu-39, 0.46 g of dried
powder was dispersed in 20 mL of water. After 30 min under
magnetic stirring (250 t/min) at 20 or 50 °C, the mixture was
filtered and the solid phase was dried at 80 °C overnight
before its analysis by X-ray diffraction. No significant
difference is observed between the XRD patterns of Mu-39
before and after contact with water (Figure S8, Supporting
Information). The structure of Mu-39 is therefore stable in
aqueous solution contrary to what can be usually observed
for microporous zinc phosphates which are also prepared in
water under hydrothermal conditions.2
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Such a stability, probably due to the strong hydrogen
bonds between histidine/water and the inorganic framework,
allows a glimpse of new applications. As histidine forms
complexes with divalent transition metals, the zinc phosphate Mu-39 was dispersed in an aqueous copper solution
prepared with CuSO4 (copper standard, 10 g/L, Fluka). 0.196 g
of Mu-39 was mixed with 50 mL of a copper solution (98.4 ppm).
After 2 h 30 min of magnetic stirring (300 t/min) at room
temperature, the mixture was filtered. The dried powder (12 h,
80 °C) was analyzed by XRD. As expected, the structure of Mu39 was not destroyed after the treatment (Figure S9, Supporting
Information). Copper was adsorbed by the zinc phosphate with
an adsorption rate of 7200 ppm (0.72 wt %, Cu/histidine molar
ratio is 0.054). In other words, it is necessary to use 13.6 g of Mu39 to decrease the concentration of a copper aqueous solution
from 98.4 ppm to 70.2 ppm (-28.6%). Such a low adsorption
rate probably did not result from the formation of a copper(II)histidine complex but from adsorption of copper at the surface of
the crystals.41 The likeness of the XRD patterns before and after
contact with the copper aqueous solution seems to confirm this
hypothesis.
Conclusion
We report the synthesis of a new layered zinc phosphate
named Mu-39 {[C6H10N3O2þ][Zn2(HPO4)(PO4)-] 3 H2O}n.
This organic-inorganic hybrid material was synthesized with
an unusual biological structure directing agent, L-histidine
amino acid, which is grafted on both sides of the layer via ZnO-C(carboxylate) bonds of the histidine. Coulomb attractions
between the positive ammonium and imidazolium groups of
the protonated and zwitterionic histidine and the negative
phosphate group, supported by charge-assisted hydrogen
bonds, organize the packing of adjacent layers. Solid-state
MAS NMR experiments [1H13C HETCOR, 1H single quantum/double quantum (DQ), 31P, 1H f 31P CPMAS, 1H f 31P
HETCOR] ascertained the formulation of Mu-39 as [C6H10N3O2þ][Zn2(HPO4)(PO4)-] 3 H2O}n with a hydrogenphosphate and a phosphate ligand and ruled out partial protonation such as (H1-xPO4)(HxPO4).
On the other hand, 31P MAS NMR studies supported the
almost complete racemization of L-histidine during the hydrothermal synthesis with only a small enantiomeric excess of
25% remaining.
At last, Mu-39 has an unusual stability in water probably
due to the presence of strong hydrogen bonds between the
inorganic layer/histidine and water molecules. It opens new
ways of application for such materials.
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