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ABSTRACT. Chemical preparation, differential scanning calorimetric
analysis, IR speclrometric investigation and crystal structure are given for
a new organic condensed phosphate. The putrescinium cyclotetra-
phosphate hydrate [NH3(CH3)sNH3):P404:.9/2H,0 is menoclinie C2/c wilh
Z=8 and uni! cell dimensions: a=38.87(2)A, b=9.478(2)A, ¢=13.97(2)A,
f=96.51(7)°. The structure was refined lo a final Rw value of 0.031. The
atomic arrangemenl is a lypical layer organization buill by alternating
layers of anions and cations. The anion layers, including P40y rings and
water molecules, are in planes centred on z=1/4 and 3/4, while the cation
layers, made up by the three independent putrescinium dications
[NH3(CHz)4NHz]2+, are in planes centred on z=0.0 and 1/2. All the N-H---O
hydrogen bonds are established between adjacent layers while the O-

H---O bonds operate within the anionic layer linking (i) two P4,O;; groups to
form clusters: [[P4042)2(Hz0)5]8, (ii) clusters to form infinite ribbons:
[(P4Oi2)2(H20)s],8 and (iii) ribbons to form an infinite two-dimensional
layer. The DSC sludy shows that the dehydration occurs in three sleps.
Such dehydration process may be related to the different environments
of the water molecules in H-bond schemes. The reported IR investigation,
indicates a satisfactory agreement bhetween the predicted, on the basis of
a group theoretical analysis, and the observed P,0,; stretching bands,
especially in the B00-600 cm-! characteristic region for Cqy symmetry.

RESUME. La préparation chimique, et les caractérisations physico-
chimique et structurale sont données pour un nouveau phosphate
condensé organique: [NH3{CH;)4NH1]:P40:.9/2H,0 de groupe d'espace
C2/c avec Z=8 et les paramétres de maille a=38,87(2)A, b=0,478(2)A,
c=13,97(2)A, p=96,51(7)°. L'arrangement atomique présente une organi-
sation typique en couches alternatives d'anions et de cations. Les
couches anioniques formées par de P.,Oy: et de molécules d'eau, sont
centrées par les plans en z=1/4 et 3/4, alors que les couches cationiques,
formées de [NHi(CH:)4NHi]2*, sonl dans les plans en z=0.0 et 1/2. La
cohésion entre couches successives est maintenue par les liaisons

hydrogéne du type N-H--O. Les laisons hydrogéne du type O-H--O
(1) Ta'ﬁrﬁum cmr"éﬂspondeur"i'é:e shm'jul;d' be ad'l':'i"l"éssed.
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agissent de trois fagons, au sein de la couche anionigue, en liant: (i) deux
groupements P40 pour former des clusters [(P4O42)2(H20)a1%-, (ii) les
clusters pour former des rubans infinis [(P4O42)2(Hz0)7],80 et (iii) les
rubans pour former une couche bidimensionnelle infinie. L'analyse
calorimétrigue différentielle montre que la déshydtratation se produit en
trois étapes. Le processus de cette deshydratalion peut glre reliége aux
différents environnements des molécules d'eau. L'investigalion par
spectrométrie IR indigue un accord satisfaisant enire les vibrations de
valence prévues par la théorie des groupes et observées dans P40, en
particulier, dans la région 800-600 em-1 caractéristique de la symétrie Cy.

I- INTRODUCTION

The invesligations of hydrated organic condensed phosphates have
shown the great ability of P40,z groups 1o build, through hydrogen bonds,
frameworks with organic cations [1],[2], in particular, for malerials
resulting from the interaction between cyclotetraphosphoric acid and alkyl
diamines, with general formula, NHo{CHz),NHz. The three previously
characterized structures in this field are those of [NHz-NHglaP4Oqz (31,
[INHs(CH2)2NHgle P4012.2H,0 [4] and [NH3(CHa)aNHalP4012.2H,0  [5]
corresponding to n=0, 2 and 3. Putrescine, NHL{CH2)4NH: with the
extension to n=4, is a linear biogenic diamine. It is present as a
diprotonated cation in biological systems and interacts with nucleic acids
through H-bonding. Putrescine interaction with phosphoric acids led, up to
now, to three well characterized atomic arrangemenis:
[NH3(CHz) NH3)(HPO4)2  [61.07], [NH3(CHa)sNH3HPO,..2H,0  [B] and
[NHa(CH2)4NH3lH.P,0; [9]. These structure studies showed that the
putrescinium dication, in the solid state, has a sirong preference fo be
located around crystallographic centres [6],[7], [9-12]. If it was located in a
general position, this dication would be found in a symmetric conformation
with a non-crystallographic centre [13]. This ability to be highly symmetric
is related to the geometrical flexibility, as the putrescinium dication has
been found in the extended all-trans conformation, This work is devoted to
the structural investigation of the putrescinium cyclotetraphosphate. The
chemical preparation, crystallo-graphic features, detailed DSC and IR
spectrometric analysis are reported.

IH-EXPERIMENTAL
A. Chemical preparation

Chemical preparation has been performed in two steps; first a
concentrated solution of HsP,04 is prepared by passing an agueous
solution of Na,P,0,, through an ion-exchange resin, Amberlite IR 120, in
its H-form. The resulting solution is then neutralized by a stoichiometric
quantity of 1 ,4-butanediamine (Fluka Chemika, > 979%). These two sleps
are performed at room temperature. Schematically the reaction is :
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H,P.0qp + 2NH,(CH),NH, — H,0 o [NH4(CH,);NHz]: P404,.8/2H,0
The salution is then slowly evaporated at room temperature. After several
days of evaporation, the crystallization ol [NH3(CHz)aNH3lz P4045.9/2H,0
occurs as colorless elongated monoclinic prisms

B. Chemical analysis and thermal behaviour

The chemical analysis of phosphorus has been carried oul by using
a UV-spectrometer 190 SHIMADZU, thal of protons by a volumetric method
[14]. The thermogravimetric analysis was done with the help of a
thermoanalyzer SETARAM G70. Experiments were performed with a
specimen of 100 mg in an open silica crucible and heated from 298 o
700 K in air. Differential calorimelric analysis was carried oul using a
SETARAM DSC 92 and weighed 10-15 mg purified samples sealed in an
aluminium DSC crucible; an empty aluminium crucible was used as a
reference. Samples were heated from 298 to 500 K in air using various
heating ratas.

C. Structure determination

The parameters used for the X-ray diffraction data collection, as well
as the strategy used for the crystal structure determination and its final
results are reported in table |. Twenty reflections (10.2< B< 11.8) were
used for refining the unit-cell dimensions. Density was measured at room
temperature using toluene as pycnomelric liqguid The final atomic
coordinates for non-H atoms and their equivalent temperature factors are
given in table Il. The values of the thermal anisotropic displacement
parameters for non-H atoms, final coordinates and isotropic thermal
factors for H-atoms, list of observed and calculated structure factors are
available on request,

D. infrared spectroscopic investigation

IR spectra were recorded by using a SHIMADZU CHART 200-91527
spectrometer. Samples were dispersed in KBr and scanning performed in
the 4000 - 400 cm-1 spectral domain with a resolution of about 3 cm-1

I-STRUCTURE DESCRIPTION

This atomic arrangement is a typical layer organization built by two
types of layers. The first type of layer made by the P4O4;* ring anions and
the water molecules is approximately centred on planes z = "1/4 and 3/4 ;
the second type of layer, parallel to the first one, but centred on planes
2=0 and 1/2, includes the three crystallographic independent organic
groups. Figure 1 reporting this arrangement in projection along the b axis
shows clearly the layered organization of its various components.
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The first type of layer can be described by a stacking of clusters,
[(P4O42)2(H20)4]® built by two P40y groups and three water molecules
interconnected by H-bonds. These clusters, with a twofold internal
symmeiry, are themselves linked by the strongest H-bonds obsarved in
this arrangemen! so as to build ribbons parallel to the b axis. Inside a
ribban,

Table 1: Main crystaliographic features, parameters used for the X-ray diffraction data
collection, strategy used for the erystal struclure deltermination and iis final resufts.

I. Crystal data
Formula:(CiHaN2)aP4042.9/2H:0
Crystal system : monoclinic
a=38.87(2), b=9.478(2)
c=13.97(2) A, B = 96.51(7)°

Unit cell refined from 20 reflections
Poar. = 1.499  Pops, = 1.49 g.cm?
Linear absorption factor :
Marphology :

Crystal size :

i1l. Intensity measurementis
Temperature : 298K
Diffractometer : Nonius CAD4
Monochromator : graphite plate
Variable scan speed

Theta range :

Background measuring time :
Measurement area : *+h, k, |
Number of scanned reflections :
Number of non-zero reflections @
Number of unique reflections :
Reference reflections : '

111. Structure determination

Larentz and polarization correclions:

Program used : SDP [15]
Unique reflections included :
Weighting scheme : unitary
Secondary extinction coefficient:
Unweighted agreement factor R:
Weighted agreement factor Rw :
Esd : 1.722

Max. residual density :

Fwe=BET .3

Space group : C2/c

V= 5116(12)A3

Z=8

(10.2 <0 < 11.87)

F(ODO) = 2440

u({AgKa) = 0.201 mm-!
elongated monoclinic prism
0.45x% 0.45x% 0.32 mm

[

Wavelength: AgK,(0.56084)
Scan mode : @

Scan width : 1.20°

Tmax. per scan ; 60 s

2-27.5" ’

Tmax /2

hmax.=62, kmax.=15, Imax.=19
12441

6831

6559 (Rint= 0.01)

every 2hr, no variation

No absarption correction
Compuler used: Micro-Vax I
8559 (no rejection)

Refined parameters : 442
not applied

0.029

0.031

Largest shift/error = 0.04
0.38 e A3
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Table |l: Final atomic coordinates and for non-H atoms. Estimaled slandard
deviatians are given in parenlheses,
__Atom (o) y(a) z(o) Beg.(0)
P(1) 0.41203(1) 0.26815(4) 0.29931(3) |1.674(5)
P(2) 0.09422(1) D.47624(4) 0.27557(2) |1.460(5)
P(3) 0.17120(1) 0.49713(4) 0.30522(3) |1.553(5)
P{4) 0.33607(1) 0.27036(4) 0.29093(3) [1.537(5E)
O(E11) 0.43582(3) 0.3773(1) 0.2696(1) 2.88(2)
O(E12) 0.41645(3) 0.2090(1) 0.39774(8) (2.39(2)
O(L12) 0.41172(3) 0.1425(1) 0.22072(7) [2.00(2)
O({L41) 0.37341(3) 0.3305(1) 0.27421(8) |1.95(2)
O{E21) 0.07287(3) 0.4108B(1) 0.19212(7) |1.96(2)
O(E22) 0.09120(3) 0.4225(1) 0.37406(7) |2.04(2)
o(LZ23) (.13344(2) 0.4622(1) 0.25079(7) |1.81(2)
O(E31) 0.19632(3) 0.4354(1) 0.24435(8) (2.32(2)
O(E32) 0.17231(3) 0.4585(1) 0.40827(7) |2.27(2)
O(L34) 0.32819(3) 0.1665(1) 0.20005(8) |2.13(2)
CH{E41) 0.31167(3) 0.3903(1) 0.27633(9) |2.52(3)
O(E42) 0.33769(3) 0.1877(1) 0.38166(7) [1.97(2)
O(W1) 0.25438(4) (0.3214(2) 0.3704(1) 4.50(3)
o(wa) 0.99251(4) 0.5276(2) 0.3778(2) 4.10(3)
O{W3) 0.05097(5) 0.1544(2) 0.2748(1) 4.92(4)
QW) 0.500 0.2565(2) 0.250 5.36(6)
O({W5) 0.17823(6) 0.1435(2) D0.2994(2) B8.37(5)
MN{1) 0.11854(3) 0.4484(1) 0.04464(9) |2.04(2)
MN(2) 0.13467(4) 0.1888(1) 0.4402(1) 2.53(3)
MN(3) 0.03070(4) 0.28892(2) 0.4431(1) 2.53(2)
M(4) 0.27532(3) 0.0405(1) 0.4265(1) 2.33(2)
C(1) 0.13851(4) 0.3157(2) 0.0409(1) 2.44(3)
C(2) 0.11594(5) 0.1932(2) B.ﬂﬂﬂ'gﬁ} 2.68(3)
C(3) 0.13772(5) 0.0617(2) -0.0071(1) 2.70(3)
Ci4} 0.11489(5) 0.0577(2) 0.4521(1) 2.80(3)
C(5) 0.00185(4) 0.1948(2) 0.4634(1) 2.93(3)
C(6) 0.48515(4) 0.4519(2) 0.5106(1) 2.88(3)
C(7) 0.265204(4) 0.4385(2) 0.0521(1}) 2.67(3)
C(8) 0.23636(4) 0.2999(2) 0.0158(1) [2.70(3)

Beg. =4/3 2 Xa; by pij
i J
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each cluster is connected to its adjacenl neighbor through four water
molecules, These infinite ribhons [(P4O432)2 (HzO):],87 are linked so as to
form an infinite layer by additional water molecules. Inside such a layer,
each ribbon is related from its neighbor through the 2, helical axis.
Figure 2 reporis in projection aleng the ¢ axis the organization of the
layer centred on the plane z = 1/4.

by

Figure 1: Projection along the b direction of the atomic arrangament,
Cyclatetraphosphate groups are given with a polyhedral representation. By orderof
decreasing sizes, black circles represent water molecules, nitrogen and carbon atoms.
Hydrogen aloms have been omitlted.

Figure 2: Projection along the ¢ direction of the anionic layer located around the
plane z = 1/4, The P4Oqp groups are given in polyhedral representation. The black
circles represent the water-oxygen atoms, the white smaller the hydrogen atoms.
Hydrogen bonds are datted.
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The second type of layer is a stacking made by the three
crystallographic independent putrescinium dications. One of them, found
in a general position and built up by C(1), C{(2), C(3), C(4), N(1) and N(2),
is strongly pseudocentrosymmetric with a pseudo inversion centre at
1/8.1/8.0. The two others comprising C(5}, C(6), N{3) and C(7), C(B), N(4)
are centrosymmetric and are located around the crystallographic inversion
centres at 0,0,0 and 1/4,1/4,0 in the fully extended all-trans conformation.
The torsion angles N(1)-C(1)-C(2)-C(3), N(3)-C(5)-C(6)-C'(6) and N(4)-
C(7)-C(B)-C'(8) are respectively 174.1(1)°, 179.7(1)" and 174.3(1)".
Nevertheless, the main geomelrical features of these three groups,
reported in table 1Il, do not differ significantly and are in accordance with
all previously reported data [6-8]. Figure 3 reports, in projection along the
¢ direction, the organic layer centred.on the plane z = 0. ln such a layer,
the extended all-trans confarmations are practically aligned along the b
axis and organized to form infinite isolated organic enlities spreading
along the [1 1 0] direction.
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Figure 3: Projection along the ¢ direction of the putrascinium layer located around
the plane z = 0.0. The larger black circles are nitrogen atoms and the smaller circles
represent carbon atoms. Hydrogen atoms have been omitted.

The P40 ring anion involved in the inorganic layer has no local
symmetry and in fact no specific features when compared with what is
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commonly observed for this type of anionic entity, except the relatively
important departure of the P-P-P angles (87.17-93.26°) from the ideal
value (90°). In spite of this distortion the four P-atoms are approximately

coplanar. Table Ill. reports the main geometrical features of the
phospharic ring anion.
Table W: Main interatomic distances (A) and bond angles (%), Estimated standard
deviations are given in parentheses.
The P4Oy ring anion

The P{1)0, tetrahedron
P(1) Q{EL1) O{E12) O(L12) O(L41)
O(E11)  |1.4779(9) [121.14(8) [106.29(5) |106.18(5)
O(E12) 2.574(1) [1.4777(9) [110.10(5) |110.39(5)
o(L12) 2.480(1}) |2.540(1) [1.6191(8) |100.76(5)
OfL41) [2.474(1) [2.540(1) [2.491(1) 1.6146(8)

The P(2)0, tetrahedraon
P(2) Of(E21) O(E22) O(L12) O(L23)
O(E21) 1.4880(8) [119.22(5) {111.55(5) [104.77(4)
O(E22) 2.564(1) |1.4847(8) |106.36(5) {110.38(5)
Of{L12) 2.550(1) |2.466(1) ]1.5945(8) (103.50(4)
O(L23) 2.452(1) ]2.5389(1) |2.514(1) 1.6065(8)

The P(3)0Q, tetrahedron
P(3) O(E31) O(E32) |O(L23) |O(L34)
O(E31) 1.4859(8) [119.52(5) [105.77(5) [110.66(5)
O(E32) 2.562(1} 11.4792(8) {110.96(5) |106.99(5)
o(L23) 2.469(1) 12.544(1) [1.6094(8) |101.62(4)
O{L34) |2.545(1) |[2.482(1) |2.493(1) |1.6076

The P{4)0, tetrahedron
P{4) O(E41) |O(E42) O(L41) O{L34)
O(E41) 1.4732(8) |119.16(5) [106.48(5) [107.42(5)
O(E42) 2.557{1) |1.4B56(B) (111.16(5) [109.72(5)
O(L41) 2.469(1) |(2.547(1) |[1.6011(8) [101.37(5)
O(L34) [12.490(1) |2.531(1) [2.483(1) 1.6085(89) |
P(1)-P(2) 2.9583(4) P{2)-P(1)-P(4) 87.18(1)
P(1)-P(4) 2.9418(4) B{1}-P(2)-P(3) 91.60(1)
P{2)-P(3) 2.9805(4) P(2)-P({3}-P{4) 87.23(1)
P{3)-P(4) 2.9165(4) P(1)-P(4)-P(3) 93.23(1)

P{1)-0(L12)-P(2) 134.01(5)
P(2)-0(L23)-P(3) 135.88(5)

P(3)-O(L34)-P(4) 130.14(86)
P(1)-0(L41)-P(4) 132.37(5)
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Table 111 (cantinuation)
The putrescinium groups

M(1)-C(1) 1.482(2) N{HC{HG{E} 112.2(1)
C(1)-C(2) 1.503(2) C(1)-C(2)-C(3) 110.9{1)
C(2)-C(3) 1.529(2) C(2)-C(3)-C(4) 110.2(1)
C(3)-C(4) 1.509(2) N({2)-C(4)-C(3) 112.4(1)
C(4)-N(2) 1.481{2)

MN{3}-C(5) 1.487(2) N(3)-C(5)-C(8) 111:2(71)
C(5)-C(8) 1.510(2) C(5)-C(6)-C(6) 110.9(2)
C(6)-C(8) 1.525(3)

N{4)-C(7) 1.493(2) N(4)-C(7)-C(8) 111.2(1)
C(7)-C(8) 1.511(2) C(7)-C(8)-C(8) 111.7(1)

C(8)-C(8)  1.523(3)

The cohesion between the different layers is performed by N-H:--O
hydrogen-bonds connecting the hydrogen atoms of the NH; radicals to the
external oxygen atoms of the phosphoric rings or to the water molecules.
Geometrical details of the hydrogen-bond scheme are listed in table V.

IV-THERMAL BEHAVIOUR
The TG thermaogram, reproduced in ligure 4, shows two separated
weigh losses of water:

[C,H NoJP,0,2.9/2H,0 373K
[G4H11N2]2P4{]‘2.2HED - —— 453K— —T [EdH 14N2}2P4012

The first step corresponds to the loss of 2.5 water molecules in the range
353-410 K with a maximum at 373 K; the second, to the loss of the two
remaining water molecules in the range 413-473 K with a maximum at
453 K. Butin the DTG curve (fig.4) the first step appears as a practically
symmetric peak while the second one, leading to the complete
dehydration, is present as a shouldered peak. However we observe in the
DSC thermogram (fig.5) three separated endothermic transformations in
the temperature range 338-441 K corresponding to the complete dehy-
dration of the compound. The two first endothermic peaks can be
correlated to the first symmetric peak observed in DTG curve and probably
attributed to the loss of water molecules linking ribbons in inorganic layers
and clusters in a ribbon. The remaining shouldered endothermic peak, as
detected in DTG curve, corresponds to a gradual removal of the 1.5 water
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molecules that link two anionic groups into a cluster. This tentative
explanation takes into account the strong effects of hydrogen bonds
involving phosphate groups. Thus, the difference between measured
values of AH corresponding respectively to the three endothermic peaks
(21.2, 67.2 and 115.3 KJ.mol'!) indicates the large degree of retention
thal water molecules exhibit.

Table 1V: Bond lengths (A) and angles (°) in the hydrogen-bonding scheme; e.5.d.'s

arg given in parentheses,

i N-H | H-O N-O N-H--O

D:H 0-0 O-H:-0O
N(1)-H{1N1)-O(E42) 0.89(2) | 2.07(2) |2.950(1)| 173(2)
N(1)-H{2N1)--O(E22) . [|0.87(2)| 1.93(2) |2.781(1)| 167(2)
N(1)-H{3N1)--O(E21) 0.88(2)| 2.05(2) |[2.891(1) | 160(1)
N(2)-H(1N2)-O(E42) 0.80(2) | 1.97(2) |2.849(1) | 166(2)
N(2)-H(2N2).- O(WS5) 0.82(2)| 1.96(2) |2.770(2) | 167(2)
N(2)-H{3N2)--O(E22) 0.94(2) | 1.95(2) |[2.874(1)| 168(2)
N(3)-H(1N3)--O(W3) 0.89(2) | 2.00(2) |2.864(2) | 165(1)
N(3)-H(2N3)--O(E12) 0.87(2)| 1.99(2) |2.852(1)| 170(2)
N(3)-H(3N3}--O(wW2) 0.87(2) | 1.96(3) |2.799(2) | 159(2)
N(4)-H(1N4)--O(W1) 0.83(2) [ 2.04(2) |2.867(2) | 173(2)
N(4)-H(2N4)--O(E31) 0.91(2) | 2.01(2) |2.916(2)| 172(2)
N{4)-H{3N4)--O(E32) 0.88(2) | 2.01(2) [2.877(1)| 168(2)
O(W1)-H(10OW1)--O(E41) ||0.85(2)| 1.95(2) |2.789(2) | 171(2)
O(W1)-H(20W1)--O(E31) [[0.81(2) | 2.10(2) |2.909(2)| 172(2)
O{W2)-H(10W2)--O(W4) [0.80(2)] 2.08(2) |2.847(2)| 161(2)
O(W2)-H(20W2)--O(E21) ||0.84(2) | 2.01(2) |2.842(2) | 174(2)
O(W3)-H(10OW3)--O(E11) ||0.88(3) | 1.89(3) |2.761(2) | 169(2)
O(W3)-H(20W3)--O(E21) [|0.90(3) | 2.02(3) |2.862(2) | 155(2)
O(W4)-H(OW4)--O(E11) ||0.87(2)| 1.96(2) |2.786(1) | 159(2)
O(W5)-H(10OWS5)-O(E31) [[0.73(3)] 2.31(3) |2.978(2) | 154(3)
O(W5)-H(20W5)-0(E41) |0.76(3) | 1.92(3) |2.670(2) | 174(3)
H(1OW1)-O(W1)-H(20W1) 113(2) [H(10W2)-O(W2)-H(20W2) 107(2)
H(1OW3)-O(W3)-H(20W3) 106(2) |H(OW4)-O(W4)-H(OW4) 107(3)
H(10W5)-O(W5)-H(20W5) 111(3)
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Figure 4: TGA thermogram of {NHa(CHa)yNHz]aF 40 2. 2/2H:0
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Figure 5: Differential scanning calorimelry for a polycristalline sample of
[NH3(CHa) g H 3] 2P 40 12. 8/2H0; healing rate 3%min.
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V-INFRARED INVESTIGATION

In the crystal, the P,O4:* ring anions occupy a site G; of lower
symmetry than the S, symmetry observed in SrK,P,0,; [16], but the latler
presents the advantage of having one formula unit only in the
crystallographic cell. A typical IR-spectrum of the litle compound is
represented in figure 6. The observed frequencies, in the P40, strefching
region, are collected in table V. The proposed assignmenis are deduced
from the following bases:
(i) Since the isolated P,O,, ring belongs to the C, symmelry group, all the
16 fundamental stretching vibrations predicted by theoretical group
analysis are non-degenerate modes, active in the IR as well as in the
Raman.
(ii) According to previous studies [16-18], the strelching P-O modes of the
P,O,; ring will be found in the following sequence: V,;0P0" = V.OPD =
V..POP > V,POP. This is easily justified by the fact that P-O(E) bond is
significantly shorter than the P-Q(L) bond.
(iii) Frequencies appearing in the IR-spectrum should be assigned lto A
modes
(iv). The modes which belong to A (Ra) and B (IR + Ra) species in
SrK,P,0,, appear as single bands in the IR-spectrum of
[NH4(CH,) NH,).P,0,,.9/2H,0, whereas the modes belonging to the E
species should split into doublets

—|———,——q—-——-i——r———-r———r——1———1——\—l

TRANSMITTANCE
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|
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3000 2000 1500 1000 500

Figure 6: jd spectrum of pm‘ycrys:amne“!NH,ngHEJ.{NHangJD,E.QXEHEO
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Moreover these rules should nol be applied too strictly for evident reason:
when the primitive cell contains several P,0,, groups the increase in the
number of bands may be not only due to a symmetry lowering, but to
vibrational coupling between equivalent groups.

The assignmenis proposed for the P,0,, stretching vibrations
(table V) are consistent with these rules and can be pointed out in the
following description:

— A doubletl (1285-1260 cm-') with two additional weak bands at 1340 cm-
1 and 1200 c¢m) are assigned lo the asymmetric stretching vibration
VasOPU'.

— A strong band (1110 em-7), a medium one (1083 c¢m'') and a shoulder
(1150 ecm-!) correspond to the symmetric stretching vibration VsOPO-~.

— The asymmetric stretching vibrations V,,POP are characlerized by a
doublet (1030-1025 em-") and a strong band at 965 cm-' accompanied by
a shoulder at 1000 cm-'.

— A doublet (760-720 ¢m-1) with a weak component and a medium one is
observed with two bands al 805 cm-! (medium) and 660 cm-! (weak).
These frequencies are aftributed to the symmetric stretching vibration
V.POP.

All the assignments proposed here belong to the A species. On the basis
of the observed and calculated frequencies [16] for SrK,P,04, with S, ring
symmetry and taking into account the approximate character of these
calculations, the agreement between these calculated frequencies and our
own assignments is satisfactory for the stretching modes (cf.table V).

A tentative assignment for bands arising out of the P40y, streiching
domain as proposed in table VI, is obtained by comparison with spectra of
other organic and inorganic compounds, [20-25]. The domain of high
frequencies in the spectrum is characterized by N(O)-H stretching and’
bending modes, combination bands and harmonics, while the low
frequencies correspond to the bending and external modes.

The two supplementary-bands at 915 and 870 cm-!, observed in the
P,0,, stretching domain, suggest a partial vibrational coupling between
the equivalent P,O,, rings present in the cell. Also these bands may be
attributed to V. vibrations.

VI-CONCLUSION

[NH,(CH,),NH4],P,0,,.9/2H,0 has been prepared at room tempe-
rature starting from agueous solutions of H,P,0,;, and NH,(CHz),NH, and
then crystallized by evaporation. The stoichiometry of the salt was
confirmed by physico-chemical analysis and then the structure was
elucidated by X-ray diffraction. It reveals that the putrescinium dications
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[NH3(CH3)4,NH4]?* have a strong preference to occupy crystallographic
inversion centres or, if not, a general positien but in a symmetric
conformation with a non-crystallographic inversion centre. Al N-H--O
hydrogen bonds are between adjacent layers while the O-H--O bond
operates within the anion layer. Water molecules assume three different
roles: (i) linking twoe P40y: groups te form a cluster, (il) connecling
adjacenl clusters in infinite ribbons along the b axis and (iii) allowing
cohesion belween ribbons of the layer. This is in good agreement with the
DSC investigation: the total dehydration occurs in a wide temperalure

Table V: Vibrational frequencies and assignments in the P02 sirelehing region.
Faclor group analysis and comparison with calculated frequencies for SrKP404 2 are also

included.
SR04 [NHa(CHz)aNH3]:P4012.9/2H:0
(18]
G 3.5, cm? G.5. cm-1
vt D4n IR Ss IR Ra cale. Cy IR| obs.
IR Ra
Aoy +|=>| A - +]| 1260 |—==|A + 11200  w
Biw - == B + +11290 A + | 1340 w
OPO-
Va:OPQ A + 11285  wvs
Eg - —} E + + 12?[! (
A + {1260 VS
Ag - |—=| A - + 1180 | —= A + 11150 sh
Bagg -{—| B + + (1080 —= | A + 11083 m
V:0PO" A .
Ey +|—=| E + 4+ [1100 < _ 1110 Vs
A +
Aag - A - 4 7= |A + (1000 sh
Bog -|—=| B + +(088 —=|A + 965 Vs
Vas POP|T
i A +1030 m
Eu + | — E + + [1000 (
A + (1025 m
Aig - |—=| A +- BAO [—=|A + |BB0 W
Big -|—=>| B + +|820 —= A + |805 m
Vg POP
A + |716 m
Ey +|-—>| E <+ +|710 <
A + |700 W

va=wary sirong, s=strong, m=medium, w=weal, sh=shoulder
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s,

Table VI1: 7entative assignments of he ohserved IA frequencies odlside the
strelching domain of P4Qq2 rings.

V (em™) assignments V (cm’) assignments
1150 w
S5 915 m VCC +V CN
3200 s 870 m
3080 vs | v OH,+V NH3"| ¢
3010 vs 2 g 690 sh |
2950 s +V CH 675 W
2BBO m 585 m A FRELIE
E ﬁ 545 5 > i
ereg W combined bands 520 vs external modes
2620 w and' 460 sh
L
2480 W harrmonics . A5 rnj
2550 vw
vs= vary strong,
1720 vw :3: shu;l%,
= medium,
1700 m w= weak,
1665 vw vr:-—- V:I‘Y ;.r;lee:‘k,
1645 vw sh=snallcy
1625 vw 4
Ha -
-<16E}Dm SDIEI-SNH3
1585 m + O CHy
1550 w
1465 vs
1425 vs

tidr[!(} m l

range with three steps involving strongly different enthalpy values. This
dehydration process can be related to the different types of water
molecules as described above. IR investigation shows a fairly satisfactory
agreement between the predicted, on the basis of a group theoretical
analysis, and the observed P40z stretching bands, especially in the 800-
00 cm-' characteristic region for G, symmelry.
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