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Abstract : 1,2-propanediammonium pentachlo-
roantimonate (111) dichloride, PDA, has been synthe-
sized and characterized by the X-ray at 293K. It crys-
tallizein the orthorhombi c space group, P212121 with

thefollowing unit-cell dimensions: a=9.2610(7)A, b=
10.5950(6) A, c = 19.4830(1)A and Z = 4. Thecrys-
tal structure consistsof 1,2-propanediammonium cat-
ions, [SbCl_]* anionsand two freesatomschlor. The

INTRODUCTION

Halogenoantimonates(l11) and hal ogenobi-
smuthates(111) with organic cationsdefined by thegen-
eral formula(RNH,") (M _X )™ (whereM isSblll,
Billl; X isCl, Br, I) arean interesting group of com-
pounds dueto their ferroel ectric properties4. The
polarity of these crystalsisassociated with phasetran-
stions, which aremainly caused by the changesinro-
tational motionsof theorganic cations?®. These phe-

Sblll atomiscoordinated by six Cl atomswhichform
one-dimensional infinite chains of composition
[SCl,]*. Thecompoundisstabilized by intermol ecu-
lar N—H....Cl hydrogen bonds. The dynamics of the
proton and the molecular motion reveal ed the phase
trangitionsat thevicinity of 261K and 355K.

© Global Scientificlnc.
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nomenaareespecialy manifested in thestructures con-
taining relatively small methyl-, dimethyl-, trimethyl-
and tetramethylammonium cationg?%9. Differencesin
thesize, symmetry and ability to form hydrogen bonds
of the various possible organic cations, together with
the many different possi ble metal -hal ogen atom con-
figurations, providearich family of compounds. The
anionic structuresthat have been reported so far range
fromsimpleisolated [M X ]* octahedraand [M X ]*
square pyramidsthrough isolated units containing oc-
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tahedra/square pyramids, connected by corners,
edges or faces, to infinite one- or two-dimensional
polyanionic structures®, |n this paper we report
thesynthesis, crystal structure, and internal dynamics
of PDA.

EXPERIMENTAL

Single crystals of [C_H ,N,],Cl . SbCl_ were ob-
tained in the reaction of SbCl, (1ml) with 1-2
diaminopropane (1.187ml) with alargeexcessof HCI
(5ml) inthe presence of ethanol. The synthes zed com-
pound was purified by repeated crystdlizations. Trans-
parent single crystals were grown at room tempera-
ture, and had theform of prism.

Intensity datawere collected usingaCAD4 Ex-
pressdiffractometer with graphite-monochromated (Mo
K o) a 293 K. Thepositional parametersfor the heavy
alomswereobtained from athree-dimensiond Petterson
map, whilethe non- hydrogen atomswerefound from
success vedifference Fourier Maps. The structurewas
refined by full-matrix | east squares using anisotropic
temperaturefactorsfor al non-hydrogen atomsand the
hydrogen atomswerelocalized and optimized tore-
graint positions. Cdculationswere performed with the
SHEL X S-86 program!*3, using the scattering factors
enclosed therein. Thecrystd data, collected reflections
and parametersof thefina refinement arereportedin
TABLE 1. Find atomic coordinatesand equivaent iso-
tropi c digplacement parametersfor theatomsareshown
inTABLE 2. List of atomic displacement parameters
areshowninTABLE 3.

The thermals parameters of the polycrystalline
samplewerecarried out on adifferentia scanning calo-
rimeter DSC Q2000 TA Instruments, on heating the
samplefrom 95K to 490K and cooling downto 95K.
Aluminum samplepanswere used with sampleweights
of 7mg. All operationswere performed at arateof 10
K/mininanitrogen atmosphere using an empty aumi-
num sample pan asthereference.

Thefirst derivative of absorption signal fromthe
radio frequency (r.f.) field wasrecorded on alabora-
tory madeinstrument operating in the double modula-
tion system, by alinear changein thefrequency of the
autodynegeneraor withintherangefrom 25.421t0 25.66
MHz at aconstant magneticfield of 0.6 T stabilized by

F* NMR system. The signal was averaged and cor-
rected for theamplitude of the second modulation. The
measurementswere performed on heating the sample
from 60 K to 520 K.

RESULTSAND DISCUSSION

Single-crystal x-ray diffraction experiment

1,2-propanediammoni um pentachl oroantimonate
(111) dichloride crystallizes at room temperatureinthe
orthorhombic P2,2,2, space group. The projection
of thecrysta structure of [C,H, N,],Cl,SbCl_ along
theadirectionispresented in Figure 1. Theanionic
sublatticeis composed of [ SbCl ]* deformed octa-
hedra. They are connected at the corners forming
polymeric one-dimensiond chainsextending aongthe
a-axis (Figure 1). Each octahedron possesses two
bridging and four terminal chlorineatoms. The Sh—Cl

TABLE 1: Crygal and experimental data

Chemical formula Cs Hoy Cl7 N4 Shy
Formulaweight (g mol ™) 522.20
T =293
Crystal color; habit white; prism
Crystal size (mm®) 0.42*0.22*01
Crystal system Orthorhombic
Space group P212121
Unit cell dimensions (A) a=9.2610(7)

b = 10.5950(6)

c = 19.4830(1)
Volume(A®) 1911.9304(2)
z 4
Density (calculated) (g cm ) 1.814
Wavelength (A) AgKa, 1= 0.56087
Absorption coefficient (mm™*)  1.254
F(000) 1032
0 Range (deg.) 2.241-27.963
Index ranges 0<h<15; 0<k<17; -5<1<32
Reflections collected/unique 6383/6183 (Rint = 0.0140)
Observed reflections[1026 (I)] 2220
Data/parameters 2220/164
Goodness of fit on F? 0.9990

Final R indices[I026 (D]?
Rindices (al data)®

Largest diff. peak/hole (e A%
CCDC deposite number: 870885

R, = 0.0261, wR, = 0.0284
R, = 0.0261, wR, = 0.0284
1.44/-1.12
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TABLE 2: Atomic coor dinatesand equivalent isotropic displacement par ameters(A?) of PDA

Atom X y z Ug[A?]  Atom X y z Ue[AT]
Shl 0.32280(3) 0.21583(3) 0.76573(2) 0.0262 H41 1.0022 0.3004 0.9592 0.0500
Ccl1 0.35772(19) 0.23599(16) 0.90167(8) 0.0478 H42 1.0336 0.2633 0.8889 0.0500
Cl2 0.51451(15) 0.97128(14) 0.76138(9) 0.0412 H43 1.0043 0.1676 0.9405 0.0500
Cl3  0.14133(14) 0.05737(12) 0.78629(9) 0.0381 Cl1  0.6383(6) 0.2770(6) 0.5696(3) 0.0372
Cla 0.27346(18) 0.21325(19) 0.63847(8) 0.0480 H111 0.7031 0.2598 0.5316 0.0500
Cl5 0.13309(14) 0.37345(12) 0.77857(9) 0.0381 H112 0.5402 0.2599 0.5543 0.0500
Cl6  0.60053(16) 0.00346(14) 0.00572(9) 0.0428 Cl12  0.6759(7) 0.1946(5) 0.6301(3) 0.0360
Cl7 0.04781(17) 0.96914(15) 0.97502(9) 0.0455 H121 0.6103 0.2156 0.6680 0.0500
N1 0.6496(5) 0.4120(5)  0.5890(3) 0.0367 C13  0.6455(6) 0.0607(4) 0.6097(3) 0.0285
H11 0.6285 0.4606 0.5535 0.0500 H131 0.6686 0.0053 0.6471 0.0500
H12 0.7402 0.4281 0.6028 0.0500 H132 0.7052 0.0389 0.5707 0.0500
H13 0.5895 0.4283 0.6236 0.0500 H133 0.5462 0.0513 0.5975 0.0500
N2 0.8291(8) 0.2087(6)  0.6548(4) 0.0667 C21  0.7853(7) 0.1565(7) 0.8532(4) 0.0447
H21 0.8457 0.1580 0.6905 0.0500 H211 0.6882 0.1756 0.8368 0.0500
H22 0.8455 0.2886 0.6677 0.0500 H212 0.8504 0.1706 0.8144 0.0500
H23 0.8911 0.1891 0.6211 0.0500 C22 0.8226(7) 0.2494(5) 0.9098(3) 0.0343
N3 0.7935(6) 0.0235(5) 0.8743(3) 0.0476 H221 0.7687 0.2288 0.9505 0.0500
H31 0.7680 -0.0252 0.8392 0.0500 Cz3 0.7818(8) 0.3813(7) 0.8881(5) 0.0549
H32 0.7328 0.0112 0.9091 0.0500 H231 0.8089 0.4403 0.9243 0.0500
H33 0.8827 0.0059 0.8872 0.0500 H232 0.6804 0.3865 0.8809 0.0500
N4 0.9821(6) 0.2456(4) 0.9261(3) 0.0394 H233 0.8325 0.4046 0.8470 0.0500
TABLE 3: Atomicdisplacement par ameters(A2) of PDA
Atom Ull U22 U33 U23 U13 U12
Sbl 0.02411(10) 0.02381(10) 0.03061(14) 0.00091(16) 0.00239(15) 0.00033(13)
cl1 0.0600(9) 0.0471(8) 0.0363(7) -0.0008(7) -0.0079(7) 0.0013(7)
Cl2 0.0374(6) 0.0452(6) 0.0411(8) 0.0019(8) 0.0037(7) 0.0047(5)
CI3 0.0316(6) 0.0327(5) 0.0500(9) 0.0018(6) 0.0018(6) -0.0078(4)
Cl4 0.0651(9) 0.0459(7) 0.0329(7) -0.0009(9) -0.0027(7) -0.0046(8)
Cl5 0.0325(6) 0.0317(5) 0.0501(10) 0.0041(6) 0.0053(6) 0.0107(4)
Clé 0.0403(7) 0.0435(7) 0.0446(8) -0.0052(7) -0.0070(7) 0.0045(6)
Cl7 0.0419(7) 0.0471(7) 0.0476(9) 0.0103(7) 0.0099(7) 0.0089(6)
N1 0.035(2) 0.033(2) 0.042(3) 0.004(2) 0.002(2) 0.0006(18)
N2 0.079(4) 0.046(3) 0.075(4) 0.002(4) -0.034(4) 0.010(4)
N3 0.052(3) 0.043(3) 0.047(3) -0.013(3) 0.003(3) -0.013(2)
N4 0.041(2) 0.029(2) 0.048(3) -0.008(2) -0.008(2) -0.0022(17)
Cl11 0.038(2) 0.031(2) 0.043(3) 0.001(3) -0.009(2) 0.001(2)
C12 0.045(2) 0.032(2) 0.031(2) 0.000(2) 0.001(3) 0.001(3)
C13 0.037(3) 0.0201(18) 0.028(2) -0.0012(19) -0.005(2) -0.0040(17)
cz21 0.049(4) 0.047(3) 0.037(3) -0.007(3) -0.007(3) 0.001(3)
c22 0.033(2) 0.033(2) 0.037(3) -0.001(2) 0.002(3) 0.002(2)
c23 0.045(4) 0.041(3) 0.078(6) 0.007(4) 0.006(4) 0.010(3)
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bond lengthsfall into three ranges: the longest bonds
(3.1425(15)-3.1424(14)A) are characteristic of
bridging halogen atoms, and the shortest (2.4092(13)—
2.4370(12)A) of terminal bonds opposite to the
bridging, whilethose neither termina nor bridging have
intermediate lengths (2.5213(16)-2.6768(17)A)
(TABLE 4). The CI-Sb—Cl angles for atoms CiSto
each other are between 86.04(6) and 92.27(5)°, while
the trans angles are 115.77(10)°, 164.30(4)°,
167.23(4)° and 174.74(6)°. This coordination is simi-
lar to that found in other chloroantimonate(ll1) crys-
talsin which anionic substructures are al so built of
polymeric[(SbCI5) ]>* chains, e.9.1**. The 1,2-pro-
pane ammonium cations are found between theionic
chainswith two chlorineatom, thisarelinked to this
inorganic [(SbCl5) ]*™ chainsthroughtheN-H...CI
hydrogen bonds (TABLE 5), and arethus partly re-
sponsiblefor thedistorted octahedra coordination of
the Sblll, bothin termsof differences between equiva-
lent Sb—Cl distances and Cl-Sb—Cl angles. The in-
fluence of theseintermolecular interactionsisclearly
seeninthegeometrica parametersinvolving theweak-
est-bonded bridging chlorineatoms (Figure 2). The
presence of relatively strong hydrogen bonds partly
causes significant distortion of theinter-octahedral
Sb1v-C12-Sb1'" angle (170.30(6)°) from its ideal
value of 180°1*7]

TABLE 4: Selected bond lengths(A) and angles (°) for PDA

Atom bond lengths (A) Atom Angles (°)
Sbl-Cl1  26768(17)  Cl1-Sb1-CI5 86.04(6)
Sbh1-Cl2°  3.1424(14)  CI2-Shl-Cl1 91.39(5)
Sh1-Cl2"  3.1425(15)  CI2"-Sh1-Cl1  92.27(5)
Sh1-CI3 2.4092(13)  Cl2-Sb1-Cl2" 115.770(10)
Sbl-Cl4  25213(16)  Cl2-Shi-CI3 79.86(4)
Sh1-Cl5 24370(12)  CI2'-Sb1-CI3  164.30(4)
N1-C11 1.483(8) Cl2'-Sb1-Cl4 93.84(6)
Cl2-C11 1.509(8) Cl2'-Sh1-Cl4  86.04(5)
C12-N2 1.505(10)  CI2-Sb1-CI5  167.23(4)
C12-C13 1.500(7) Cl2'-Sh1-CI5  76.86(4)
N3-C21 1.470(9) Cl3-Sh1-Cl1 88.59(6)
c22-c21 1.518(8) Cl3-Sh1-Cl4 91.69(6)
C22-N4 1.511(8) Cl3-Sh1-Cl5 87.57(4)
C22-C23 1.509(8) Cl4-Sbl-Cl1  174.74(6)

Cl4-Sh1-Cl5 88.72(6)
Sb1'"-Cl2-Sh1"V  170.30(6)
C11-C12-C13  107.2(5)
C11-C12-N2 114.2(5)
C12-C11-N1 110.0(5)
C13-C12-N2 110.9(5)
C21-C22-C23  109.9(6)
C21-C22-N4 111.0(5)
N4-C22-C23 109.1(5)
C22-C21-N3 113.9(5)

Symmetry codes: (i) X, -1+y, z; (ii) 1-x, -0.5+y, 1.5-z; (iii) x, 1+y,
z; (iv) 1-x, 0.5+y, 1.5-z

Figurel: Theprojection of thecrystal structurealongthea-axis.
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Differential scanning calorimetry

Thetherma analysisresultisreportedin Figure 3.
Thethermogram showstwo endothermic peaksat the
vicinity of 261K and 355K, whilethemelting point was
not obtain.

TABLE 5: Hydrogen-bond geometry (A, ©).

D-H...A d(D-H) d(H..A) D-H...A d(D..A)
N1-H11...Cl6é' ~ 0.890 2457 13208 3.124
N1-H12...Cl17" 0.890 2519 12572 3.123
N1-H12...CI13"" 0.890 2786 13384 3.462
N1-H13...CI2" 0.890 2481 16343 3.344
N2-H22...C13""  0.890 2988 17337 3.874
N3-H31...CI5" 0.890 2696 14299 3.448
N3-H31...CI2,, 0.800 2793 12996 3.434
N3-H31...Cl4" 0.890 2.833 11949 3.362
N3-H32...Cl6" 0.890 2247 17085 3.129
N3-H33...Cl17Y 0.890 2330 14915 3.128
N4-H41...Cl6" 0.890 2370 15017 3.173
N4-H42...CI15"" 0890 2612 16317 3473
N4-H43...C17"  0.890 2242 17691 3.131

Symmetry codes: (i) -x+1, y+1/2, -z+1/2; (ii) -x+1, y-1/2, -z+3/2;
(i) -x+1, y+1/2, -z+3/2; (iv) X, y-1, z; (V) X, y, z+1; (vi) x+1, y-1,
z, (Vii) x+1/2, -y+1/2, -z+1; (viii) x+1,y, z

ORIGINAL ARTICLE

'H NMR measurements

TheH NMR spectraof the PDA were recorded
inthetemperaturerangefrom 60 K to 520K. Figure4
givesexemplary *H NMR spectrataken at different
temperatures. Inthelow temperature phase anarrow-
ing of thebroad line on heating isobserved. The maxi-
mum sope linewidth decreased from 22.7 at 60K to
11.7 at 150 K. Abovethetemperature of T=157K, a
narrow component of theline appears. Itsintensity in-
creased above the characteristic temperature at
T=261K and wide component narrows above 355 K.
Atthemdting point thelinewidthiscloseto zero, i.e. it
isof an order of themagnetic fieldinhomogeneity.

Thesecond moment of *H NMR lineisusudly used
to characterizetheabsorption signal inr.f. field. The
second moment of the'H NMRIine, M., a sometem-
peratureswas cd cul ated according to the formul 22!

[(H=H,)*F (H)H
Tf‘(H)dH @)

by numerical integration of thefirst derivative of the
absorption signal f’(H). The second moment of *H
NMR linewas 40-10® T2 at 60 K, and on heating it

M, =

2

Wl

@ sy T L
N4vii/}\_ ! }NW'”
sment "‘;‘cw?vi

.- ey

Figure2: TheN-H...Cl hydrogen bonds (thin dashed lines) involving C12, C13, Cl4 and CI5 atoms that partly contribute to
thedefor mation of the[SbCI6]* octahedronin thestructureof PDA. Symmetry codes:. (i) -x+1, y+1/2, -z+1/2; (ii) -x+1, y-1/
2,-2+3/2; (iii) -x+1, y+1/2, -z+3/2; (iv) X, y-1, 2 (V) X, ¥, z+1; (vi) x+1,y-1, Z, (vii) x+1/2, -y+1/2, -z+1; (viii) x+1,y, Z.
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decreased t0 15.7-108 T2 at 160K, then over thetem-
perature rangefrom 261 K to 500 K it decreased con-
tinuously from 15.7t0 11-108 T2 Next, at themelting
point the second moment of the*H NMR linedecreased
practically to zero, asshowninFigure5.

In order to discusstheinterna dynamics, the sec-
ond moment of the*H NMR linewas calcul ated ac-
cording to thevan Vleck formuld*® when the homo-
and heteronuclear interactionsweretaken into account:

3 18 1

M9 ==y, Rl +1)—
2 5YH ( + )lek H-H6
4 18 1 2
= CIIE) Y @

L

where: y, andy, arethe gyromagnetic ratio of thereso-
nance spin | (hydrogen) and non-resonancespin S (ni-
trogen), N-number of interacting spins, r,— inter-pro-
ton distance.

Themotiond processresponsiblefor narrowing of
theH NMR lineswasidentified by comparing the ex-
perimental valuesof M (1) with those M@ cal cu-
lated according to formula(2) for different model s of
internad motions.

Theintermolecular reorientationsthat can modu-
late the Hamiltonian and in effect reduce the second
moment of the'H NMRlineareasfollows:

e three-fold reorientation of bothammonia

ORIGINAL ARTICLE

o three-fold reorientation of themethyl group,
¢ two-fold reorientation of thecation,
e proton jumpin hydrogen bond.

The onset of the molecular group reorientation
around the di stinguished axiswith afrequency of an
order of theH NMR linewidth isthereason for the
reduction inthe second moment valuefromthelow tem-
perature value for the “rigid lattice” M, to

M. *according the equation:
1-3cos’y, )
M reo(1) = M rig jk
) 2(———7;———J ©)

Wherey].k isthe angle between theinter-proton vector
inthemolecular group undergoing reorientation and the
axisof rotation.

Thevaueof the second moment for jump motion
between two minimaisgiven by

N
T T () L o P .
5 N(a+1) ik M hika

1 1 1 1
+ +

- 3 3
ar w-nike  Ti_pia Micuice

(4)

(3(:052 SikAB - l):|

EB - EA
RT
depth of the nearest potential barrier E, and E,,.

where: theparameter 2= eXD( ) dependsonthe

04 o
30 -
N!_|
H
oe
= 20
=
=
10 go
0 I | | I lO
100 200 300 400 500
T [K]

Figure5: Temperatur e dependenceof the second moment of the*H NMR lineof PDA.
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X-Ray diffraction studies [ CAD4 Express] per-
formed at room temperature givevariouslengthsof C-
C and C-N bondsof the skeletons of themoleculesin
theelementary unit cll, typica tothemolecular-ionic
systems. Two subunits can bedistinguished intheel-
ementary unit cell. Thecalculated value of *H NMR
M, for rigid|atticefrom the X-ray datais much higher
(62.42 +2.23 or 62.75+2.09 * 10°°T?) then the experi-
mental ones. It can be explained by to short length of
C-H and N-H bonds, while the hydrogen atom posi-
tionsobtained from XRD resultsare charged with con-
siderable error because of alow density of their elec-
tron clouds. Taking thisinto account, further calcula-
tionsof the second moment were carried out for the C-
H bond distancetypical of methyl group, i.e. 1.09 A

andtypical of ammoniumgroup, i.e. 1.00 A /2021 jn-
stead of 0.8899 A and 0.8995 Al18192 as was also
takinginto account to previous studies of?3, Just now,
theintaand inter molecular contributionto the second
moment of *H NMR line corresponding to the homo
and hetero-nud ear interactionsof therigid Sructurewas
calculated as 40.1 *10®°T?, which is comparable to
M,=40* 10T observed at 60 K. TABLE 6 collects
thevauesof M, for therigid lattice and cal cul ated ones,
assuming different typesof internal motion, which sub-
sequently were set on with thefrequency of an order of
alinewidth. Onemay takeinto consideration the set on
of ammonia groups reorientation before the methyl
groups, becausetheir thermal displacement coefficient
are higher than those of methyl (TABLE 2 and 3).

TABLE 6: Calculated intra- and inter-molecular contribution to the second moment of *H NMR lineof PDA.

Calculated values of the second moment of

M odel of reorientation

'H NMR line, M ,, in 10°T2

M, "traHH+NH) M, e Experimental M, in 10°T?

Rigid structure 35.99+1.11 40 at 60K

One ammonia group reorientation 31.51 +0.65 24

Both ammonia group reorientation 27.07+0.13 18

Methylgroup reorientation 18.76+0.13 13

Conformational isomerisation 7.75+0.10 12 7.8 at 250 K

Jump of proton in hydrogen bond system 7.55+0.10 12

| sotropic reorientation 0 1 Oat 515K

The parametersof thethermally activated motion
were cal culated from the temperature dependence of
the second moment of NMR line, according to the equa-
tion given by Kubo and Tomita?4. The activation en-
ergy of methyl and ammoniagroup were estimated as
1.2 kca/mol. Theactivation energy of axial reorienta:
tion of haf of thecationsfromthed ementary unitcel is
5.4 kcal/mol. It was assumed that the direction of the
axisof theanisotropicreorientation of thecationisaong
the CI—HN and CI-—HC hydrogen bonds. In Figure
5isaso giventhe calculated temperature dependence
of the second moment for obtained activation energies
of theefold ammonium and methyl group reorientation
aswell asfor whole organic cation motion, in agree-
ment with the K ubo and Tomitaequation.

CONCLUSION

We haveinvestigated one of hal ogenoantimonates

(11) with organic cation [C,H, N,],i.e 1,2-
propanediammonium pentachloroantimonate (111)
dichloride. The crystals structure was determined at
room temperature. On heating from 60K it undergoes
“untrivial” phase transitions close to 261 and 355K.
The set of on threefold reorientation of anmoniaand
methyl group was observed, with theactivation energy
of 1.2 kcal/mol, when undergoeswith afrequency of
an order of afew kHz. In high temperature phasethe
axid reorientation of haf of thecationstake place.
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