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Layered zincophosphate materials were prepared from the molecular precusgor@)jO.P(OBu)]s (1) via
thermolysis (186-215°C) in anhydrous organic solvents in the presence of long-chain primary amines. Through
variation of the amine concentration, two series of materials were obtained with the stoichiome(itd3&js(Hs-
NCnHzn+1)2 and Zi(HPOy)3(HsNCiH2n+1)2(H2NCrhH20+1) (N = 8—16). These materials possess an unusual Zn/P
ratio of 2:3 which is uncommon for layered zincophosphate materials prepared in aqueous media.

Introduction of this approach have been explored. A variety of chatged

We have been exploring use of Zis-O)[0,P(OBu)]s (1), and neutral surfactants such as primary anfir€sand poly-

: ethylene oxide) oligomefshave been employed as effective
prepared by the reaction of ZnEnd HO(O)P(@u), (eq 1), ( ; ;
as a “single-source molecular precursor” to zinc phosphate templates for the synthesis of mesostructured materials. Such

materials. Solutions df react with 1,6-hexanediamine at room mgg@ogfoﬁ?{fa;asﬁffﬂqufgxr;lya §S”tl1((:)2-tt)1aa?§§9 ?nac}i[ﬁ!asteggt also
temperature to form a layered coordination network with the P P ' '

formula{ Zn[O,P(OBU)s]5[HsN(CH,)sNHs]}n, and under acidic Recently, Stucky et al. reported the synthesi§ Qf lamellar z_inc
conditions,1 is converted to the one-dimensional polyrgn- phosphates from aqueous solutions containing ammonium

[O2P(OBuU);)2tnt When heated above 13€, 1 cleanly loses bromide surfactants)

. 0 5 Results and Discussion
(BUORP "y [ N

R(O'BU) . .

4 ZnEty O./ s The general procedure for preparing layered zinc phosphate

+ A : : .
6 HOOPOBU -8 EH (Buo), N mesophases |nvolveq charglng an ampulle With{(ZrO)[OP(O-
O/\Z. g a0 Bu);]6 (1), 2—10 equiv of a primary amine (e.g., 1-hexadecyl-
* ! O ) amine), and a solvent such as toluene, 2-propanol, or ethanol.
HO " [ O~p—C .
2 (BUOA /Zr\(O‘Bu)z ot The ampule was sealed under an inert atmosphere and then
o o FlOBU),
(o]
1 (4) (a) Firouzi, A.; Kumar, D.; Bull, L. M.; Besier, T.; Sieger, P.; Huo,

Q.; Walker, S. A.; Zasadzinski, J. A.; Glinka, C.; Nicol, J.; Margolese,

its “hydrocarbon shell” (as isobutene) to produce zinc phosphate 8-?_ SMtgfké’l*eg‘é Db; ?hg‘t‘i"c‘s Bc;Fsu‘éﬁgﬁqaﬁ’,lgaf}ezﬁgglé%8'1(37“{3’
materials. As an extension of our earlier work, we have been B'e’hreng P.; Stucky, G. Dgr;ge;,\,l Chem., Int. Ed. Engl993 32,

interested in examiningl as a single-source precursor to 696. (d) Behrens, PAngew. Chem., Int. Ed. Engl996 35, 515.

mesostructured materials. One approach, described here, in-(5) Jsaxaf'}':A-?t'\AOU?(faég\aSkh I';\ARfd%gé%;zRgé%"ﬁe’C' I; Ripmeester,
. . . . A, Preston, K. em. iater y .

volves the use of organic sur_factants as strugture-dlrectlng agents (6) Tuel. A.: Gontier, SChem. Mater1996 8, 114.

for the assembly of inorganic networks. Given the hydrolytic  (7) (a) zhang, W.; Fiba, M.; Wang, J.; Tanev, P. T.; Wong, J.; Pinnavaia,

instability of 1, we have primarily employed nonaqueous $ ?]-Jc.r/l%m- Chnem. fggg%ﬁ 2l(.’)lg;l(6)4-P(b) Taneg, P|:'>‘T'; PinnavTaia}]‘

; ; . J. Chem. Mater. \ . (c) Prouzet, E.; Pinnavaia, T. J.
solvents for these conversions. _In related worl_<, it has been Angew. Chem. Int. Ed. Engloo7, 36, 516. (d) Attard, G. S.: Glyde.
shown that mesostructured materials may be derived from sol J. C.: Gitner, C. G.Nature1995 378 366. (e) Tanev, P. T.; Pinnavaia,
gel processes in organic solvent systéms. T. J. Science1995 267, 865. (f) Bagshaw, S. A.; Prouzet, E.;

Since the original synthesis of hexagonally ordered meso- P'””é‘va'% T. Jss'c}f(‘c;_l995 2'69T12;§12' Chem. Int. Ed. Endl
porous silicates using micelle-assisted templatimgny variants ®) g%)% %%131%\’2" (6) Uiagg';;;ri'ﬁ_; F'Qagyggf”,\'l' R.g?éh.néoc., 'Ch;'?n'_
Commun.1996 1685. (c) Hudson, M. J.; Knowles, J. A. Mater.
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Figure 1. XRD pattern of2 having a layer spacing of 31.7 A.
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Figure 2. XRD pattern of3 having a layer spacing of 40.7 A.

heated in an oven for ca. 12 h, resulting in formation of a gel.
The solid was isolated by filtration and then washed with
toluene, ethanol, and water.

A layered materialZ) with an interlayer spacing of 31.7 A
[from X-ray diffraction (XRD), Figure 1] was formed when the
reaction was carried out in 2-propanol with 4 equiv of
n-hexadecylamine at 18%. With toluene as the solvent, this
reaction afforded a layered material with poorer crystallinity,
as judged by the resolution of high-index peaks in the XRD
spectrum at @ values of 32.2, 15.9, and 10.6Lowering the
amount of amine to 2 equiv of hexadecylamine gave only
amorphous powders from toluene, and in 2-propanol this
reaction gave a mixture of 2(P0,), and some of the layered
material mentioned above épacing: 32.2 A, by XRD). With
6 equiv of 1-hexadecylamine, a similar material is obtained from
2-propanol @ spacing: 31.8 A), but in toluene, a material with
a 41.0-A layer spacing was produced. The latter material

appears to be associated with a greater incorporation of amine

into the layered structure, because the reactidhveith 8 equiv

of 1-hexadecylamine in toluene at 216 produced a material
(3) with a layer spacing of 40.7 A (by XRD, Figure 2). With
10 equiv of 1-hexadecylamine, a material with a 42.1-A layer
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Table 1. Summary of Layered Phases Derived fram

equiv reaction d(oa)
amine amine solvent  temperature®C) A

HoNCieHa3 2 toluene 200

H,NCi6H33 2 2-propanol 180 324
HoNCieHa3 4 toluene 200 32.2
HoNCigH33 4¢ 2-propanol 185 31.7
H2NC16H33 6 toluene 200 41.0
HoNCieH33 6 2-pr0pan0| 200 31.8
H2NC16H33 gd toluene 215 40.7
HoNCi6H33 8 2-propanol 180 41.7
H2NC16H33 10 toluene 200 42.1
HoNCigH33 10 2-propanol 200 41.5
HoNCgH37 4 2-propanol 200 22.1
HoNCgH17 8 2-propanol 200 26.2
HoNCioH21 4 2-propanol 200 23.8
HoNCioH21 8 2-propanol 200 30.4
HoNCioH2s 4 2-propanol 200 27.6
H2NC12H25 8 2—pr0pan0| 200 33.9
HoNCi4H29 4 2-propanol 200 29.9
HoNCiaH2g 8 2-propanol 200 37.7

aObtained by varying the number of carbon atoms in the amine
alkyl chain, amine concentration, and solveriZny(PQy), also present.
¢ This procedure gava. ¢ This procedure gava.

resulting layer spacings of the product were observed. These
small variations in thel spacings are within experimental error
and are most likely due to systematic errors inherent to low-
angle reflections.

The XRD pattern o (prepared with 4 equiv of 1-hexade-
cylamine) revealed three peaks that could be indexed ks 00
reflections in a crystal system characterized by an orthogonal
direction (Figure 1). The absence of other peaks indicates that
there is little registry between the layers of this material. The
broad low-intensity peaks between 20 and 2@ are charac-
teristic of diffraction from the packed alkyl chains within the
layers? The XRD pattern of3 contains peaks that can be
indexed as the first five 0Qeflections (Figure 2), indicating
the presence of longer-range order in the layefwf2. Again,
the absence of other reflections indicates that there is little
registry between the layers. The transmission electron micro-
graph of3 (Figure 3) clearly illustrates the layered structure of
this material, and the layer spacing measured from this
photograph (39 A) is consistent with the XRD data.

Analytically pure samples of these mesophased materials are
difficult to obtain, given the inherent difficulty in purifying
insoluble materials. However, elemental analyses and spectro-
scopic data are most consistent with a stoichiometry of Zn
(HPOy)3(H3NCy6H33)2 for 2. Such a material incorporates all
of the zinc, phosphorus, and amine supplied to the reaction (eq
2). The IR spectrum foR contains a broad shoulder at 3200

toluene
Zn4(14-O)O2P(O'Bugle 2 Znz(HPO4)a(HaNC16Haa)2
N 200 °C @

AHNG -12 isobutene 2
NC1gHaa HzO

spacing was produced in toluene. Precipitation of these layeredcm™?, consistent with the presence of ammonium ions. Thermal

materials leaves a basic supernatant (pHL8). The solid

gravimetric analysis (TGA) a2 revealed a gradual weight loss

products were not contaminated with excess amine or the between 200 and 40TC (under nitrogen) and a ceramic yield

ammonium phosphate (by XRD), which was independently
prepared from a 1:1 mixture of#O, and 1-hexadecylamine.

at 800°C of 48.8%. This value is somewhat higher than the
theoretical yield for (ZnQ)YP.0s)15 (41.6%). The dark gray

These results indicate that two types of layered phases arecolor of the thermolyzed material suggests that it contains
formed, depending on the zinc/amine ratio, with layer spacings significant amounts of carbon because of incomplete combustion

of ca. 41 and 31 A (Table 1). Changes in solvent or
temperature, for reactions involving 4 or 8 equiv of amine,
produce only small variations in the layer spacing. However,

of the organic portion of the material.
The reaction ofl with more than 4 equiv of amine appears
to result in the incorporation of neutral amines into the interlayer

no systematic trends correlating reaction conditions with the spaces oR, without modification of the inorganic portion of
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Figure 3. TEM photograph of3.

the structure. Thus, the combustion analysi8 &f consistent
with addition of 1 equiv of hexadecylamine/formula unitf
and the formula ZE(HPO4)3(H3NC16H33)2(H2NC16H33). TGA

of 3 revealed a gradual weight loss between 200 and 400
and a ceramic yield at 80TC of 35.0%, which is close to the
calculated ceramic yield of 32.8% for (Zng0P.0s)15 The
thermolysis residue frorf is also gray. The IR spectrum 8f
contains a broad peak at 3200 cthassigned to ammonium
(RNHz") ions and a peak at 3400 cmattributed to the presence
of an aminé!! The neutral amine is possibly coordinated to
zinc atoms in the inorganic layer, rather than simply clathrated
between the alkylammonium ions, becaudeforms from
reaction mixtures with a range of amine concentrations. If the
amines were occluded within the organic layers without having
specific interactions with the inorganic layer, then the layers
could be swollen to arbitrary layer spacings (which is not
observed). In addition, once formeziand3 do not swell after
exposure to a variety of solvents. Structural studies on lamellar

Lugmair and Tilley

complexes are intermediates in the formations2oénd 3.
Evidence for the existence of such complexes comes from
isolation of a coordination network with the formu{gn-
[O2P(OBU)2]2[H2N(CH2)sNH2]} i, prepared from a mixture of

1 and 1,6-hexanediamine in a toluene/dichloromethane solttion.

The 2:3 ratio of zinc to phosphorus in the above materials
contrasts with that associated with well-known zinc phosphonate
compounds of the type Zng@®R)(L) (L = H,0O, RNH), which
are also layere¢?1* Other surfactant-templated lamellar zinc
phosphates have been obtained by hydrothermal metfduals.
the latter approach, variations in the pH and the composition
of the reaction mixture produced several layered materials with
variousd spacings. One of these phases was determined to
have a Zn/P ratio of 1:1, and compositions for the rest were
not reported® Three-dimensional zincophosphate materials
with a large variety of Zn to P ratios, including 2% have
also been preparéd.

Studies on the intercalation of primary amines into the layers
of zinc phosphonates have appeaf&dvallouk and Cao found
that for certain sets of-alkylamines there is a linear relationship
between the layer spacing of the intercalated zinc phosphonate
and the number of carbon atoms in the amine alkyl chin.
The orientation of the alkyl chains could be inferred from the
slope of the linear relation between the interlayer distance and
the number of carbon atoms in the alkyl chain. With a slope
greater than 1.27 A/CHunit (for an all-trans linear alkyl chain),
the amine tails were interpreted as being arranged in a double-
layer fashion. In this case, the tilt angle of the chains with
respect to the inorganic laye®] may be calculated from the
expression sini(slope/2x 1.27) (see Figure 4a). If the slope
is less than 1.27 A/CH unit, the alkyl chains may be
interdigitated, with a tilt angle for the alkyl chain®j of sin—2-
(slope/1.27) (Figure 4b). Alternatively, such values may imply
a double-layer arrangement with a very small tilt angbg for
the alkyl chains.

Two series of lamellar zinc phosphate phases were prepared,
based on 4 and 8 equiv afalkylamines, with the alkyl chains
ranging in length from octyl to hexadecyl. The syntheses were
carried out in 2-propanol, by heating to 200 for 12 h. The
measured interlayer spacings for these materials are plotted
against the number of carbon atoms in thalkyl chain of the
amine in Figure 5. The slope of 1.84 for materials prepared
with 8 equiv of amine is much larger than 1.27 A/gH
indicating that the alkyl chains are arranged in a double-layer
fashion with a tilt angle of 46 (Figure 4a). A slope of 1.17
was obtained for materials prepared with 4 equiv of amine,
indicating that the alkyl chains in these samples are interdigitated
with a tilt angle of 67 (Figure 4b). However for the latter

zinc phosphonates intercalated with primary amines have ShOW”sampIes, we cannot rule out the possibility that the alkyl chains

that the amines coordinate to the zinc atoms of the inorganic
layers?? Similarly, the neutral amines i& may coordinate to
the zinc atom, thus leading to a well-defined stoichiometry.
Recently, the structure of a layered zinc phosphate with the
stoichiometry [ZBP;Og(OH)3]?T[NH3(CHy)4NHz]>~ was re-
ported!® This material, which also has a Zn/P ratio of 2:3, was
synthesized from phosphoric acid and a 1,4-diaminobutane
complex of zinc. The latter coordination complex is, therefore,
the source of both the zinc ions and the “template” molecules.
We believe that in an analogous manner amiriacophosphate

(11) Silverstein, R. M.; Bassler, G. C.; Morrill, T. CSpectrometric
Identification of Organic CompoungdgViley: New York, 1981.

(12) (a) Cao, G.; Mallouk, T. Bnorg. Chem1991, 30, 1434. (b) Poojary,
D. M.; Clearfield, A.J. Am. Chem. Sod.995 117, 11278.

(13) Natarajan, S.; Attfield, M. P.; Cheetham, A. K.Solid State Chem.
1997 132 229.

are arranged in a double-layer fashion, with a very small tilt
angle of 27.

(14) (a) Cao, G.; Hong, H. G.; Mallouk, T. BAcc. Chem. Red.992 25,
420. (b) Drumel, S.; Janvier, P.; Barboux, P.; Doeuff, M. B.; Bujoli,
B. Inorg. Chem1995 34, 148. (c) Frink, K. J.; Wang, R. C.; Caio

J. L.; Clearfield, A.Inorg. Chem.1991, 30, 1439. (d) Cao, G.; Lee,
H.; Lynch, V. M.; Mallouk, T. E.Inorg. Chem.1988 27, 2781.

For example see, (a) Harrison, W. T. A.; HannoomanAhgew.
Chem., Int. Ed. Engl1997, 36, 640. (b) Harrison, W. T. A.; Broach,
R. W.; Bedard, R. A.; Gier, T. E.; Bu, X.; Stucky, G. Bhem. Mater.
1996 8, 691. (c) Harrison, W. T. A.; Gier, T. E.; Nicol, J. M.; Stucky,
G. D. J. Solid State Chenl995 114, 249. (d) Ortiz-Avila, C. Y.;
Squattrito, P. J.; Shieh, M.; Clearfield, lorg. Chem1989 28, 2608.
(e) Feng, P.; Bu, X.; Stucky, G. A\ngew. Chem., Int. Ed. Endl995

34, 1745. (f) Song, T.; Hursthouse, M. B.; Chen, J.; Xu, J.; Malik, K.
M. A.; Jones, R. H.; Xu, R.; Thomas, J. Mdv. Mater.1994 6, 679.
(g9) Song, T.; Xu, J.; Zhao, Y.; Yue, Y.; Xu, Y.; Xu, R.; Hu, N.; Wei,
G.; Jia, H.J. Chem. Soc., Chem. Commu®994 1171.

(15)
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nonaqueous synthesis has produced lamellar zincophosphate
mesophases with an unusual Zn/P ratio which has been observed

*HaN  HoN "HgN  HaN *HgN in only one other lamellar zincophosphate matédaiptained
E \57771 571% 77716‘2 57% via aqueous routes.

(a) Experimental Section

General. All manipulations were performed under a nitrogen
k&,; atmosphere using standard Schlenk techniques or a Vacuum Atmo-
NH,* NH2 NH3* NH, NHg* NH,

Zny(HPO,);

spheres drybox using dry, oxygen-free solvents. Infrared spectra were

collected as Nujol mulls on a Mattson Galaxy 3000 spectrometer, using
| Csl windows. Electron microscopy was performed on a JEOL 100CX,

and thermal analyses were obtained with a DuPont model 2000 thermal
analysis system. Powder X-ray diffraction patterns were obtained with
an HPO4 a Siemens D5000 spectrometer with a scintillation counter operating
in a ®—20 geometry. Data were collected with a step size of .05

Ha using Cu Ko radiation ¢ = 1.5418 A). The synthesis of Zn
(us-O)[O,P(OBuU),]6 (1) was reported previously.
(0) Layered Material with 31.7-A Layer Spacing (2). A 30-mL
heavy-walled glass ampule was charged Wit{®.10 g, 0.065 mmol),

1-hexadecylamine (0.064 g, 0.27 mmol), and 2-propanol (1.0 mL). The
ampule was sealed under nitrogen and placed in an oven preheated to
| Zny(HPO,)3 | 185°C. Over the course of several hours, a white gel formed from a
clear reaction solution. The reaction mixture was heated for a total of
12 h. The solid product was collected on a filter, washed with toluene,
ethanol, and water, and then allowed to air-dry for 12 h. Anal. Calcd
for CaoH7zsN2012PsZny: C, 42.53; H, 8.37; N, 3.10; P, 10.28; Zn, 14.47.
Found: C, 42.46; H, 8.43; N, 2.48; P, 10.26; Zn, 19.74. IR (KBr pellet,
cm™Y): 3200 (br sh), 2922 (s), 2852 (m), 1637 (m), 1543 (m), 1470

Zn2 HPO4)

Figure 4. Schematic showing (a) a double-layer arrangement of the
amine alkyl chains possibly present in the materials made with 8 equiv
of amine and (b) an interdigitated arrangement of the amine chains
possibly present in the materials made with 4 equiv of amine. The tilt
angle of the amine chain®y is also indicated.

45 (m), 1396 (w), 1153 (s), 1138 (w sh), 1063 (s), 1028 (s), 976 (m), 793
8 equiv amine (w), 721 (s), 627 (m), 609 (w), 567 (w), 476 (w).
40 Y=1212+1.84x, R=0.998 Layered Material with 40.7-A Layer Spacing (3). A 30 mL
heavy-walled glass ampule was charged wit®.10 g, 0.065 mmol),
< 1-hexadecylamine (0.128 g, 0.53 mmol), and toluene (0.6 mL). The
=z 351 ampule was sealed under nitrogen and placed in an oven preheated to
e 215°C. Over the course of several hours, a white gel formed from a
& 30+ clear reaction solution. The reaction mixture was heated for a total of
© 12 h. The solid product was collected on a filter, washed with toluene,
25 4 ethanol, and water, and then allowed to air-dry for 12 h. Anal. Calcd
4 equiv amine for CagH11dN3012PsZn,: C, 50.35; H, 9.68; N, 3.67; P, 8.11; Zn, 11.42.
20 y= 12 82+1 17x,R=0.98 Found: C, 48.28; H, 9.65; N, 3.53; P, 7.64; Zn, 11.91. IR (Nuijol,
6 8 10 12 14 16 18 Csl, cnth): 3200 (br sh), 1636 (m), 1628 (m sh), 1578 (m), 1554 (w),

Carbon # 1160 (s), 1117 (s), 1091 (m), 1019 (s), 986 (m), 935 (m), 886 (M), 722
(m), 631 (m), 591 (w), 556 (m).

General Synthesis of Layered Materials with Intercalated
Amines. For these syntheses, a 30-mL heavy-walled glass ampule was
charged withl (0.05 g, 0.033 mmol), 4 or 8 equiv of the appropriate
amine, and 2-propanol (0.5 mL). The ampule was sealed under nitrogen
and placed in an oven preheated to 200 The reaction mixture was

Complex1 has been investigated as a single-source precursorheated for a total of 12 h. The solid product was collected on a filter,
for the synthesis of zincophosphate mesophases in organi¢vashed with toluene, ethanol, and water, and then allowed to air-dry.
solvents. Under these conditions, the formation of lamellar
phases is to be expected given the high surfactant content. In
addition, in the absence of a polar solvent, it is difficult to access
specific surfactant mesophases by tuning the solvent/surfactant hsm'cc::al StC|e?<F\(|as %\ésAogogf;gggoosoggepartment of Energy
ratio. Elemental analyses of the mesophases suggest that thenaer tontract No
Zn/P ratio ofl is retained in the layered materials. Thus, this 1C980501+

Figure 5. Plot of the interlayer spacing vs the carbon number in the
n-alkylamine chain for the two series of materials made with 4 (filled
circles) and 8 (open triangles) equiv of amine.

Conclusion

Acknowledgment. This work was supported by the Director,
Office of Energy Research, Office of Basic Energy Sciences,





