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Templated Synthesis of Mesolamellar n-Alkylamine Borophosphates
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A family of lamellar mesostructured n-alkylamine borophosphates, denoted C,A-BPO (BPO stands for inorganic
borophosphate layer; n = 9—15, the number of carbon atoms in the n-alkylamine chain) has been prepared hydrothermally
at 160 °C by using neutral n-alkylamines as templates. Those C,A-BPO compounds were characterized by powder
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), thermogravimetric measurements, and
differential thermal analysis (TG-DTA) as well as chemical analyses. Interestingly, these compounds may form a
bilayer, a monolayer, or mixed state of bilayer and monolayer structures depending on the content of n-alkylamine.
Linear relationships for both bilayer and monolayer compounds were observed between the interlayer distances and
the numbers of carbon atoms in the n-alkylamine chain. The thickness of the inorganic layers, the arrangement of
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n-alkylamine in the interlayer space, and the composition of the compounds are proposed.

1. Introduction

Inorganic—organic hybrids are interesting materials not only
for their structures, which exhibit a combination of the properties
of organic materials with those of inorganic materials, but also
for their potential applications in heterogeneous catalysis,
photoluminescence, gas separation, and storage.'” The self-
assembly of hybrid inorganic—organic materials has flexibility
in choosing organic, inorganic, or hybrid building blocks, which
allows one to control the properties of materials and to optimize
them for each desired application.”®

Boron phosphate (BPO,) belongs to the group of SiO»-
derivative structures and is well known as a solid acid used as
an effective catalyst for a range of organic chemical reactions
including hydration, dehydration, oligomerization, and isomer-
ization.”"'? Extensive work was devoted to increasing its surface-
to-volume ratio.'*> Furthermore, BPOy also has specific appli-
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cations as an optical material."*~'” However, organic long-chain
alkylamines have been widely used in synthesizing materials
with alternating inorganic and organic layer structures by
intercalating layered oxides such as silicates, transition-metal
oxides, hydroxides, phosphates, arsenates, and even large
borophosphate cluster anions.'®® Besides intercalation, n-
alkylamines may also be used as templates to synthesize lamellar
compounds by way of self-assembly.>* A series of n-alkylamine
dihydrogen phosphates [C,H,,+1NH3][H,PO4] was largely in-
vestigated as a type of compounds exhibiting reproducible
ferroelastic switching.”>~2° Ozin et al. reported the synthesis of
lamellar aluminophosphates using n-alkylamine dihydrogen
phosphates or n-alkylamine monohydrogen phosphates as a
surfactant and later on the transformation of a linear chain
alumiophosphate to chain, layer, and framework structures.>*¢
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Figure 1. XRD patterns of C,A-BPO with different n-alkylamine contents: (a) CoA-BPO, (b) C19A-BPO, (c) C,;A-BPO, (d) C1»A-BPO, (e) Ci13A-BPO,
(f) C14A-BPO, and (g) C;sA-BPO. (h) Interlayer distances of C,A-BPO as functions of the number of carbon atoms nc.

Following this line, here we describe the assembly of [PO4]*
or [HoPO4]™ and [B(OH)4]™ anions using n-alkylamine cations
to form a series of lamellar compounds C,A-BPO with alternating
inorganic and organic layers.

2. Experimental Section

2.1. Synthesis of n-Alkylamine Borophosphates. The syntheses
of n-alkylamine borophosphates (herein expressed as C,A-BPO)
were carried out in Teflon-lined stainless-steel autoclaves (V = 15
mL) using H;BOj3, H3POy, n-alkylamine (n = 9—15), and distilled
water as starting materials, with a filling degree of 80%. H;BO; (3
mmol) and H3PO4 (85 wt%, 3 mmol) were first dispersed in 12 mL
of distilled water with continuous stirring, followed by the addition
of the necessary amount of n-alkylamine. Toreach 2:1, 1:1, 1:2, and
1:4 molar ratios of C,A/BPO, 6, 3, 1.5, and 0.75 mmol n-alkylamine
were used accordingly. The reactants were homogenized under
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Table 1. Summary of Interlayer Distances Obtained from XRD
Data of C,A-BPO with Different n-Alkylamine Content

do A
C,Hy,+1NH, 2:1 1:1 1:2 1:4
CoHy9 24.16 24.11 18.63 18.71
CoHy, 27.76 28.30 20.07 20.15
Ci1Hys 26.64 27.25 21.34 21.33
Ci,H»s 32.48 32.44 22.52 22.53 22.52
C3Hy, 34.24 23.74 34.52 23.88 23.74
C4Hyo 35.32 24.66 36.78 25.23 25.09
Cy5Hj3; 37.11 25.82 38.44 26.45 26.00

constant magnetic stirring before they were placed into autoclaves.
After a reaction time of 5 days under autogenous pressure at 160
°C, the autoclaves were cooled to room temperature. The products
were separated by ultrasonication and filtration, washed with warm
water (40 °C) and ethanol several times until residual n-alkylamine
and other soluble products were completely removed, and then dried
in air at 50 °C for 12 h. The final white products were used in further
characterizations.
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Figure 2. XRD patterns of (a) pure dodecylamine C,A, (b) bilayer
C12A-BPO, (c) bilayer C;»A-BPO after treatment at 300 °C in air for
10 h, and (d) bilayer C;,A-BPO after treatment at 800 °C in air for
10 h.

2.2. Characterizations. Powder X-ray diffraction patterns (XRD)
were collected at ambient temperature with a Rigaku D/max2500
diffractometer (Cu Ko radiation, 40 kV/200 mA). The interlayer
distances of the compounds were determined on the basis of [001]
reflections. Thermogravimetric analysis (TG) and differential thermal
analysis (DTA) curves were recorded at a heating rate of 10 °C/min
in flowing air with an STA 429C simultaneous thermal analyzer
(Netzsch, Germany). Fourier transform infrared spectroscopy (FT-
IR) was carried out on a Nexus FT-IR spectrometer (Thermo Nicolet).
Elemental analyses of C and N were conducted on a PE 2400 II
CHNS/O analyzer.

3. Results and Discussion

In Figure la—g, the XRD patterns of reaction products C,A-
BPO are depicted. Take CoA-BPO as an example (Figure 1a),
when C,A/BPO = 2:1 and 1:2 (abbreviated 2:1 and 1:2 in the
following text) and the ratios of d spacings for the first five peaks
are all close to 1:1/2:1/3:1/4:1/5. Accordingly, they may be
indexed as (00/) for alamellar arrangement with periodic spacings
of about 24.16 A (2:1) or 18.17 A (1:2), respectively. However,
in the case of a 1:1 compound, it is interesting that the observed
spacings can be divided into two distinct groups showing interlayer
distances close to the values of the 2:1 and 1:2 phases, respectively.
The product formed at a 1:1 ratio should be considered to be a
mixture of 2:1 and 1:2 phases. This phenomena and the layered
nature can also be observed in all the other products. The interlayer
distances from the [00/] reflections of each product are presented
in Table 1. The compounds from CoA to Ci,A (2:1) and all of
the 1:2 compounds were obtained as single phases, but the single
phases of 2:1 products from C;3A to C;sA (Figure le—g) could
not be obtained under this reacting situation. For Cj3A to C;sA,
two interlayer distances are shown, and through the intensity of
their reflection peaks, it can be seen that the unobtained 2:1
phase is the main phase with the 1:2 phase as a minor phase. So
for the 2:1 composition of Cj3A, C4A, and C;sA we used spacings
of 34.24, 35.32, and 37.11 A for the following calculation. The
results of the calculation below also show that this choice is
reasonable. The relationship between the interlayer distance, d,
and the number of carbon atoms in the n-alkylamine chain, nc,
is demonstrated in Figure 1h, where two linear relationships are
clearly observed, as expressed by d = 2.2nc + 4.71 (2:1) and
d=1.2nc+7.87(1:2). It demonstrates that the interlayer distances
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of the products increase with an increase in the number of carbon
atoms in the n-alkylamine chain, with C;; A (2:1) as an exception,
which will be explained below.

Furthermore, when C;,A-BPO was heated to 300 °C in air for
10 h, the XRD pattern indicated the formation of BPO, (Figure
2¢). The final decomposition product obtained by heating the
material to 800 °C in air for 10 h was determined by XRD to
be pure BPO, (Figure 2d). The XRD pattern of pure C,A (Figure
2a) with an interlayer distance of 31.35 A and an XRD pattern
of C12A-BPO (2:1) with an interlayer distance of 32.48 A (Figure
2b) are also given in the picture as references. It is reasonable
to deduce that the existence of the inorganic layer and the observed
interlayer distance are determined by the packing of the inorganic
borophosphate layers with the n-alkylamine cations in the
interlayer space. The diffraction peaks of BPO4 did not show in
the XRD pattern of C1,A-BPO, which indicates an inorganic—organic
composite mesolamellar phase lacking long-range order within
the inorganic layer regions of the structure.*® In the inorganic
layer, tetrahedral B and P centers are connected through bridging
oxygens, just like the layered aluminophosphates containing
interlamellar cyclohexylamine, but the crystalline phase of BPOy4
did not form.

Consider that two types of chain arrangement can lead to the
same interlayer height ((a) tilted, all-trans chains and (b) chains
with numerous gauche conformers), so to confirm the config-
uration of n-alkylamine in the compounds, we studied the FT-IR
spectra of C,A-BPO with different Cj,A contents. Figure 3
demonstrates the selected FT-IR spectra of C;,A-BPO: (a) 2:1,
(b) 1:2, and (c) 1:4. According to the database of the ChemExper
Chemical Directory (http://search.acros.com/), the characteristic
infrared spectral peaks at 720, 1469, 2850, and 2918 cm™!
correspond to dodecylamine C1»A; the peak at 1558 cm™! is the
symmetric bend of NHj3, and 2956 cm™! is attributed to the
asymmetric stretching vibration of CH3.*” The group of bands
in the range of 1045—1150 cm™! are due to the asymmetric
stretching vibrations in the [PO4]*" tetrahedron, and the peaks at
540.3 and 960.4 cm™! belong to pseudolattice translations of
B—0;>8 this also confirms the possible presence of [B(OH)4],
[PO4], and [H,PO4] anions.

It is well known that the positions of the antisymmetric
stretching band (2920 cm™") and the symmetric stretching band
(2850 cm™!) of CH, groups (abbreviated v,s(CHy) and v{(CH,),
respectively) in n-alkylamine chains are sensitive to chain
conformation and that these two bands shift to higher wave-
numbers if disorder is introduced into the n-alkylamine chains.*”
In the selected range of 2700—3100 cm™!, all of the spectra
exhibit four major absorptances. In the FT-IR spectra of C,A-
BPO (2:1), the v,5(CH;) band and the v,(CH,) band are observed
at29180.1 and 2850.3 cm™!, and these band positions correspond
to an all-trans conformation. In the case of 1:2, the v,s(CH,) band
and the v{(CH,) band are observed at 2925.5 and 2851.8 cm ™!,
and these band positions correspond to the disordered gauche
structure. To confirm our opinion, the 1:4 composition product
was synthesized, and its stretching bands are observed at 2926.1
and 2852.3 cm~!, which means that the conformation of
dodecylamine is more disordered than that of the 1:2 structure.
Thus, in C1,A-BPO, as the amount of dodecylamine increases,
the wavenumber of v,5(CH,) gradually decreases t02918.1 cm ™1,
indicating that the dodecylamine chains in C;,A-BPO become
more ordered and closer packed.

Here we propose the existence of two types—bilayer C,A-
BPO (Scheme 1a) and monolayer C,A-BPO (Scheme 1b) with

(38) Adamczyk, A.; Handke, M. J. Mol. Struct. 2000, 555, 159-164.
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1017-1022.
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Figure 3. Selected regions of the FT-IR spectra of the (a) C12A-BPO bilayer with 2:1 Cj>A content, (b) C;2A-BPO monolayer with 1:2 Cj,A content,

and (c) C,A-BPO monolayer with 1:4 C,A content.

Scheme 1. Computer models of the n-alkylamine borophosphate
(here we take n = 12 as an example): (a) biolayer C;;A-BPO
with tilted, all-trans chains, (b) monolayer C,A-BPO with
numerous gauche chains, (¢c) combination of an inorganic layer
and n-alkylamine through hydrogen bonding in the case of a
bilayer, and (d) combination of an inorganic layer and
n-alkylamine through hydrogen bonding in the case of a
monolayer

Feririeie’y? =CohaNHst

® =0

different interlamellar arrangements—depending on the n¢ value
and the content of n-alkylamine. In the case of bilayer C,A-
BPO, the configuration of n-alkylamine between the inorganic
layers possesses an all-trans conformation. In the case of the
C,A-BPO monolayer, the configuration of n-alkylamine between
the inorganic layers possesses a disordered gauche structure. A
further explanation of the two structures is as follow.

In the trans—trans conformation, it is estimated to be 1.27 A
for each additional carbon atom, and it is reasonable to assume
that the amine is present in the compounds as a bimolecular layer
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Figure 4. TG-DTA curves of (a) monolayer C;,A-BPO and (b) bilayer
C2A-BPO.

Table 2. Calculated and Observed C and N Element Contents
(wt %) of C;2A-BPO and Overall Weigh Losses for Both the
Bilayer and Monolayer

C (wt %) N (wt %)  overall weight loss (Wt %)
calcd obsd calcd obsd caled obsd
bilayer 62.7 61.6 6.1 5.7 88.4 88.3

monolayer 52.5 50.5 5.1 4.6 80.7 85.5

of extended molecules when the slope of the straight line defining
the interlayer distances is higher than 1.27 A. When the value
is lower than 1.27 A, the arrangement can be a monolayer.*® So
in the case of 2:1, the mean increment of the interlayer distance
(Ad/Anc)is 2.2 A (according to the mentioned relationship d =
2.2nc + 4.71), and this value corresponds to a tilted bilayer
arrangement of n-alkylamine chains in the interlayer space of

(40) Menendez, A.; Barcena, M.; Jaimez, E.; Garcia, J. R.; Rodriguez, J. Chem.
Mater. 1993, 5, 1078-1084.
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inorganic BPO. The tilt angle of the n-alkylamine chains with
respect to the surface of the inorganic BPO layer is calculated
to be arcsin(2.2/1.27 x 2) = 60°, where 1.27 A is the length
increment per carbon atom in a linear all-trans chain. Anyway,
the value of the tilt angle indicates that the N—C bond is not
strictly perpendicular to the layers (53.8° for a perpendicular
arrangement).

As for the 1:2 compound, the increasing of 1.2 A (according
to d = 1.2nc + 7.87) per carbon atom implies monolayer
arrangements of the n-alkylamine cations between the layers.
However, we can also note the change in interlayer distance
when going from an nc to and nc+; compound, which depends
on whether nc is even or odd. Assuming the N—C bond to be
perpendicular to the layer, tetrahedral bond angles of 109° 21',
and a C—C bond length of 1.54 A, alternating small and large
changes in the interlayer distances can be estimated as follow:
d(nc+1) — d(nc) for n- alkylamme bilayers is expected to be 1.02
A (nc is odd) and 3.08 A (nc is even), and for n-alkylamine
monolayers, it is 0.51 and 1.54 A for odd and even nc values,
respectively. However, in our case no odd—even alteration is
apparent in monolayer C,A-BPO, which also illustrates that there
is disorder in the monolayer and the chain orientation in it is 90°.
Furthermore, the value of the interlayer distance of a hypothetic
n-alkylamine without carbon atoms (n = 0) may be used to
estimate the region occupied by the inorganic layer and the
terminal —NH;3" groups. Therefore, assuming the —NH3™ group
to be independent of n, according the obtained relationships d
=22nc +4.71 and d = 1.2nc + 7.87, it can be estimated that
the thicknesses of the inorganic layers are 4.71 A for the bilayer
and 7.87 A for the monolayer, respectively. And by considering
the packing of n-alkylamine in the bilayer to be more ordered
and more compact compared to that in monolayer, the estimated
thickness of the monolayer contains more space than that of the
bilayer.

Furthermore, a proposed connection between n-alkylamine
and inorganic layer is shown in Scheme 1c,d for the bilayer and
monolayer, respectively. The reaction force is discussed as
follows: H3PO4 and H3BOs3 act as proton donors, and after the
protonation of the —NH; groups, there is a tendency for
the protonated —NH;™" to be distribute as widely as possible in
the interlayer space; the combination of —NHj3" with the inorganic
layer is through hydrogen bonding N—H <+ O. At the same time,
there is a tendency for the apolar alkylamine chains to interact
with each other by van der Waals’ interactions in the case of the
bilayer; as for the monolayer with lower n-alkylamine content,
the chains tends to cross each other to form a monolayer in the
case of enough interlayer space. In fact, the abrupt slope decrease
at nc = 11 may be explained as follow: with increasing
n-alkylamine length, the van der Waals’ interactions also increase,
which should result in a more ordered arrangement,* giving rise
to a decrease in the interlayer distance compared to that for
Ci0A-BPO.

TG-DTA curves taken in air flow at a heating rate of 10 °C/
min are shown in Figure 4. Bilayer C;;A-BPO begins to
decompose at about 140 °C; monolayer C;,A-BPO is more stable
because its weight remains constant until 200 °C, where
decomposition begins. This observation also confirms that the
combination of NH;" and the inorganic layer is more stable than
the van der Waals interactions between n-alkylamine chains.
Monolayer C;>A-BPO and bilayer C;,A-BPO act the same way

Langmuir, Vol. 24, No. 17, 2008 9327

when the temperature is higher than 400 °C. The weight losses
of the main stages are shown in the Figures. The first stage
(under 400 °C) is considered to be the liberation of Cj»A and
the formation of H,O molecules through dehydration of the
protonated —NHj3' and OH™ in the inorganic layer. The second
stage (above 400 °C) is associated with the further dehydration
of the hydrated borophosphate layer to form BPO,. In accordance
with this analysis, bilayer C;,A-BPO and monolayer C,A-BPO
have compositions close to [Ci2HsNH3]4[B(OH)4][PO4] and
[C12,H25NH;3],[B(OH)4][H,PO4], respectively. The overall weight
loss, the amounts of C and N observed through chemical analyse,s
and the value calculated from the supposed composition are
listed in Table 2. We can see that the observed contents of C and
N are close to the calculated value. In the case of the bilayer,
the overall observed weight loss (88.3%) is in good agreement
with the value of 88.4% calculated for the composition, and as
for the monolayer, the overall observed weight loss of 85.5% is
close to calculated 80.7%. In addition, we can deduce a structure
similar to that of an inorganic monolayer through the stoichi-
ometry. In the case of the bilayer, [BO4] and [PO4] link to each
other through two of their four vertexes and the other two vertexes
link to n-alkylamine, so the four vertexes are all occupied. But
in the case of a monolayer, only one n-alkylamine links to one
vertex of the tetrahedral, so there is still one free vertex. Because
of this free vertex, it may link to some other [BO4] or [PO4]
tetrahedral. As aresult, the monolayer is thicker than the bilayer.

4. Conclusions

A family of lamellar mesostructured n-alkylamine borophos-
phates (C,A-BPO, n =9—15) was synthesized and investigated.
The interlayer distances of the compounds versus the number of
carbon atoms (7¢) in the n-alkylamine chain of the amine indicates
that amine molecules were packed in the interlamellar space
either as a bilayer (d spacing 24.16 to 37.11 A) or as an
intercrossing monolayer (d spacing 18.71t026.00 A), depending
on the ratio of C,A/BPO. The thicknesses of the inorganic layers
are to be 4.71 A for the bilayer and 7.87 A for the monolayer.
The FT-IR spectra of the compounds with n-alkylamine clearly
show that n-alkylamine chains possess an all-trans conformation
with a high content of n-alkylamine and a disorder (kink and
gauche blocks) conformation with a low content of n-alkylamine.
The composition of Cj;A-BPO is close to [Cj2HpsNHsls-
[B(OH)4][PO4] in the case of the bilayer and [C;2H,sNH;3]»-
[B(OH)4][H2POy4] in the case of the monolayer. In conclusion,
we have demonstrated that well-ordered lamellar mesostructured
phases can be obtained from inorganic cluster anions and
n-alkylamine cations. It is believed that a similar strategy could
be applicable to the synthesis of novel mesostructured phases,
and itis possible to get different interlayer spacings with different
n-alkylamines and different contents. The inorganic mesostruc-
tured borophosphates pillared with functional molecules will be
interesting materials in various applications, such as heteroge-
neous catalysis and as specific adsorbents.
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