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The influence of the cations on the condensation of the anions in the salts (A’) Zn(II) Br, and
(A),Zn (I1) Br, is studied by ®'Br NQR and X-ray crystal structure analysis. (A") Zn (II) Br, (A’ =
[H3N(CH,);NH;]**) (1) shows a phase transition at 474 K. The phase II of (1) crystallizes with
isolated [ZnBr,]*~ tetrahedra: monoclinic P2, /n, Z=4, a=1108.4(5), b=1096.8(2), c=1118.5(6) pm,
and B=117.07(4)° at 296 K. A quartet was observed in the 8! Br NQR spectrum of phase II: 61.634,
58.062, 56.675, and 53.673 MHz (77 K); 59.193, 57.448, 56.015, and 52.515 MHz (301 K).
(A),ZnBr,(A =[n-H;C(CH,),NH,]" (2) and [n-H,C(CH,),;NH;]* (3)) also show structures with
isolated [ZnBr,]>~ tetrahedra. The compound (2) crystallizes with P2,/c, Z=4, a=771.8(3),
b=1061.9(4), c=2054.2(7) pm, and f=106.75(1)° at 291 K. The compound (3) crystallizes with
P2,/c, Z=4, a=768.9(4), b=2229.6(10), c=1071.6(5) pm, and f=91.70(3)° at 295 K. #!Br NQR
and DSC measurements on [H;N (CH,),NH;]ZnBr, (4), and [n-H;C(CH,),NH;],ZnBr, (5) were
also performed. The compound (4) shows several phase transitions at 349 K and higher tempera-
tures, and a quartet in the ®'Br NQR spectrum could be observed between 77 and 330 K: 65.992,
65.544, 59.900, and 50.162 MHz (77 K); 63.787, 62.963, 59.928, and 50.364 MHz (320 K). The
compound (5) shows also a phase transition at 244 K, and a quartet of ®!Br lines could be observed
in the NQR spectrum between 77 and 244 K: 61.279, 58.933, 57.869, and 56.485 MHz (77 K);
59.712, 56.936, 57.409, and 54.793 MHz (240 K). The various influences of the cations, such as size
and hydrogen bonds on the condensation of [MX,]>~ (M =Zn, Cd; X=Cl, Br) are discussed.

Introduction tetrabromozincate (1) [9]. In the following we report

on the crystal structure of [H;N(CH,);NH;]ZnBr,

In the recent studies of complex salts with bromo-
cadmate anions [CdBr, , ,|"~ by X-ray diffraction and
79.81Br NQR a variety of polymer anionic structure
types [1-5] and of isolated [CdBr,]?~ tetrahedra [6]
were determined. The compounds [H;N(CH,); NH ]
CdBr, [7, 8] and [n-H;C(CH,), NH;],CdBr, [8] crys-
tallize in perovskite-type layer structures of the anions
and exhibit phase transitions due to the dynamics of
the NH; groups and the rotational motion of the
alkyl chains about their long axes. In these investiga-
tions we have discussed the influence of the cation size,
hydrogen bond, and bridging power of halogen atoms
on the condensation of [CdX,]? . Moreover, we have
observed phase transitions in bis(alkylammonium)

Reprint requests to Prof. Hideta Ishihara.
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(1), [n-H;C(CH,),NH,],ZnBr, (2), and [n-H,C(CH,),
NH,],ZnBr, (3) and the results of ' Br NQR of (1),
[H3N(CH,),NH;]ZnBr, (4) and [n-H;C(CH,),NH;],
ZnBr, (5), and we compare their properties with those
of (A),CdBr, and (A")CdBr,.

Experimental

The title compounds were synthesized from com-
mercial amines (Aldrich), ZnBr,, and HBr following
[9]. The solutions of the compounds were evaporated
in air at pH=3. Small single crystals for the X-ray
diffraction experiments were grown from aqueous so-
lutions. The structures were determined using four
circle X-ray diffractometers((1): Enraf Nonius CAD4,
(2 and 3): Stoe-Stadi-4). From the measured intensi-
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ties, corrected for Lorentz-polarization and absorp-
tion effects, the structures were solved by direct meth-
ods, Fourier synthesis, and least squares analysis with
the programs given in [10]. The 3'Br NQR spectra
were recorded by an NQR spectrometer working in
the superregenerative mode. The sample temperature
was measured with a copperconstantan thermocou-
ple, and the frequencies were determined by counting
techniques. DSC was carried out above 130 K with a
differential scanning calorimeter DSC220 from Seiko
Instruments Inc. under the following conditions: sam-
ple weight ca. 10 mg, heating rate 2—10 K min~! with

flowing dry N, gas at 40 ml min~*.

Results
Crystal Structures:
[H3N(CH3); NH3]ZnBr, (1)

1,3-propanediammonium tetrabromozincate(II) (1)
crystallizes at room temperature monoclinic with C3 ,-

P2,/n; the lattice constants etc. are presented in Table 1
[11]. Table 2 lists the positional coordinates and
isotropic displacement parameters, U,, . Intramolecu-
lar distances and angles of the anions are given in
Table 3. In Fig. 1 the formula unit is drawn with the
numbering of the atoms and the thermal ellipsoids.
Figure 2 shows the projection of the unit cell along
[100] onto the bc plane. The [ZnBr,]>~ anion forms an
isolated tetrahedron in (1) with small differences in the
zinc—bromine distances, 238.9 <d(Zn-Br)/pm <241.7
(mean value 240.5 pm), and the angles in the tetrahe-
dron deviate only slightly from the mean value 109.4°,
ranging from 106.2° to 112.1°. There is no symmetry
center within the 1,3-propanediammonium cation in
(1). Intramolecular distances and angles in the cations
are listed in Table 4. The distances d (N-C) are 146.3
and 148.6 pm, and d (C-C) 149.8 and 150.4 pm. In
Table 3 distances and angles of the N—H - - - Br hydro-
gen bonds in (1) are listed in consideration of the van
der Waals radii of the NH; group and the Br atom,

Table 1. Experimental conditions for the crystal structure determinations and crystallographic data of 1,3-propanediammo-
nium tetrabromozincate (II), [H;N(CH,);NH,]ZnBr, (1), n-propylammonium tetrabromozincate (II), [»-H;C(CH,),NH,]
ZnBr, (2) n-butylammonium tetrabromozincate (Il), [-H,C(CH,);NH,]ZnBr, (3). Diffractometer: Stoe-Stadi-4 (2 and 3),
Enraf Nonius CAD4 (1); wavelength: 71.069 pm (MoKa); Monochromator: Graphite (002); scan w/260=1/1

Compound 1) 2) 3)

Empirical formula C;H,,Br,N,Zn C¢H,,Br,N,Zn CgH,,Br,N,Zn
Formula weight 461.15 505.24 533.30

Crystal size/(mm)3 0.7x0.2x0.15 1.5%x0.2x0.1 0.9 x0.35x0.25
Temperature/K 296(2) 291(2) 295(2)

Absorption coeff./m ™! 14 880 11180 9818

0-range for data collected 214<0/°<22.98 207<6/°<22.52 1.83<0/°<22.56
Index ranges —12<h<11,0<k<12, 0<h<8, —11<k<2, 0<h<8, —24<k<S5,

. —10<i<12 —22<i<21 —11<i<11

Lattice constants
a/pm 1108.4 (5) 771.8 (3) 768.9 (4)
b/pm 1096.8 (2) 1061.9 (4) 2229.6(10)
¢/pm 1118.5 (6) 2054.2 (7) 1071.6 (5)

& 117.07(4) 106.75(1) 91.70(3)
V-10~¢/(pm)? 1210.8 (9) 1612.1(16) 1836.3(26)
Space group C3,-P2,/n C3,-P2,/c C3,-P2,/c
Formula units Z 4 4 4
Ocate/Mg - m™3) 2.530(2) 2.081(2) 1.928(2)

F (000) 856 960 1024
Reflections collected 1882 4164 3465
Symmetry independent 1676 2121 2406
[R;.. 0.0275 0.0482
Data used 1676 2118 2394
Restraints/Parameters 0/92 2/123 8/141
Goodness of fit on F? 0.900 1.083 1.042
Final R(I>20(1)) R, 0.0360 0.0407 0.0723

WR, 0.0992 0.0991 0.1850
R (all data) R, 0.0498 0.0545 0.1068

WwR, 0.1084 0.1129 0.2342
Largest diff: (peak/hole)/(10~ 6 e(pm)?) 0.933/—0.586 0.706/—0.530 1.547/—1.034
Max. and Min. Trans. 0.1083/0.3353 0.0521/0.1305
Extinction Coeff. 0.0519(7) 0.0037(4) 0.0031(7)

Point positions:

All atoms in 4e

All atoms in 4¢

All atoms in 4¢
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Table 2. Atomic coordinates (x 10*) and isotropic parame-
ters U,, (in pm?) for [H;N(CH,);NH;]ZnBr, (1), [n-H,C
(CHZ)Z?\IHJZZnBr4 (2), and [n-H,C(CH,);NH;], ZnBr, (3).
U.,, is defined as one third of the trace of the orthogonalized
tensor Uj; [11] which has the form: T=exp {—2n(U,, h* a*?
+ Uy, k¥ b*2 + Uyy P ¢*2 4+ 2U,, hka*b* +2U, 5 hla* c* +
2 U,, kIb* ¢*)}. The coordinates of the hydrogen atoms have
been fixed in the least squares refinements by assumptions
about the X-H bond lengths and the bond angles in which H
atoms are involved.

[H3;N(CH,);NH;]ZnBr, (1)

Atom x y z Uy
n 2526 (1) 8617 (1) 10006 (1) 388 (3)
Br'V 3799 (1) 9589 (1) 12126 (1) 484 (3)
Br®? 3953 (1) 7886 (1) 9059 (1) 558 (4)
Br® 814 (1) 9980 (1) 8460 (1) 501 (4)
Br'® 1482 (1) 6860 (1) 10436 (1) 414 (3)
N 3284 (7) 7042 (7) 3819 (8) 459 (18)
H®ND 2831 (7) 6590 (7) 3089 (8) 551
H%1:2) 3750 (7) 6558 (7) 4518 (8) 551
H 832 3853 (7) 7533 (7) 3689 (8) 551
N®@ 2785 (8) 10140 (7) 6731 (8) 481 (19)
HN21) 2193 (8) 10584 (7) 6876 (8) 577
H(MN2:2) 3325 (8) 10631 (7) 6556 (8) 571
H®N2.3) 3282 (8) 9697 (7) 7458 (8) 577
cth 2328 (9) 7774 (9) 4085(10) 502 (24)
HEL 1698 (9) 7236 (9) 4205(10) 602
H 12} 1812 (9) 8289 (9) 3314(10) 602
Cc2 3031 (10) 8560 (8) 5312 (9) 456 (22)
H{C2:1) 3539 (10) 8045 (8) 6085 (9) 548
H(C2:2) 3667 (10) 9094 (8) 5196 (9) 548
-l 2047 (9) 9316 (9) 5568 (9) 508 (23)
HC3:4) 1496 (9) 9796 (9) 4777 (9) 610
H3:2) 1449 (9) 8289 (9) 5752 (9) 610
[n-CH4(CH,),NH;], ZnBr, (2)
Atom X y z U,
Zn 7723 (1) 2699 (1) 398 (1) 587 (3)
BrV 10607 (1) 1661 (1) 763 (1) 677 (3)
Br? 5758 (1) 1733 (1) 981 (1) 757 (3)
Br® 6354 (1) 2303 (1) —795 (1) 740 (3)
Br'® 8065 (2) 4893 (1) 638 (1) 962 (4)
N® 3329 (12) 4459 (7) 1074 (4) 901 (25)
H{Ns1) 2240 (19) 4564(72) 780 (4) 1261
HN1:2) 3774 (98) 3716(29) 1003(13) 1261
HNL3) 4064 (83) 5069(47) 1018(13) 1261
N2 2329 (10) 3998 (8) 4424 (4) 846 (23)
N2 3416 (22) 3642(38) 4509(26) 1185
HN2:2) 1990 (51) 4011(56) 4803(12) 1185
HN2:3) 2380 (70) 4782(20) 4278(15) 1185
cw 3181 (16) 4506(13) 1757 (6) 1164 (41)
HSD 2472 (16)  3785(13) 1818 (6) 1397
H S5 2495 (16)  5253(13) 1794 (6) 1397
2 4864 (25) 4519(17) 2327 (8) 1838 (75)
H{C2:1) 4520 (25) 4435(17) 2743 (8) 2206
H{¢2:2) 5542 (25) 3768(17) 2287 (8) 2206
c 6058 (20) 5544(16) 2413 (9) 1751 (73)
| £ Do 6457(140)  5637(78) 2014(29) 2451
H 2 7084 (90) 5397(59) 2800(41) 2451
H{S) 5449 (58)  6298(26)  2483(68) 2451
c@ 1020 (16)  3274(10) 3903 (6) 933 (32)

Table 2 (continued)

[n-CH,(CH,),NH,], ZnBr, (2)

Atom X y z U,
12 L 1223 (16)  2386(10) 4009 (6) 1120
HE42 184 (16) 3447(10) 3928 (6) 1120
CcH 1063 (18)  3467(15) 3231 (6) 1262 (46)
HE 2288 (18)  3320(15) 3212 (6) 1514
H(2 777 (18)  4343(15) 3115 (6) 1514
c® —200 (20) 2659(14) 2699 (7) 1439 (56)
Hce.n 389 (58) 1880(45) 2656(40) 2015
HEe2  _520(119)  3094(45) 2271(15) 2015
HC 1273 (69) 2488(87) 2830(28) 2015

[n-H3C(CH,);NH;], ZnBr, (3)

Atom x y z U,

Zn 2456 (2) 320 (1) 2687 (2) 804 (7)
Br'V 5010 (2) 656 (1) 1654 (2) 955 (7)
Br?) 2579 (3) 594 (1) 4835 (2) 1075 (8)
Br® —13 (2 779 (1) 1640 (2) 1009 (7)
Br') 2120 (3) —747 (1) 2440 (2) 1077 (8)
N 2245 (22) 546 (7) 8976(16) 1230 (57)
N 7519 (22) 870 (7) 4348(13) 1047 (47)
c 3128 (33)  964(13) 8196(24) 1646(116)
c® 2410 (34) 1591(13)  8428(25) 1537 (92)
ce 3179 (44) 2025(14)  7507(27)  2048(140)
G 2578 (46)  2662(13)  7660(41)  2596(225)
c) 7088 (40)  1522(10) 4405(26)  1792(120)
co) 8534 (39) 1918(14) 4776(38)  2620(228)
(B0 8041 (47) 2580(12)  4600(31)  2002(140)
¢ 7066 (47) 2760(14)  5689(36)  2680(235)

160 pm and 190 pm, respectively [12]. Two [ZnBr,]*~
tetrahedra receive the 9 hydrogen bonds formed with
all of the hydrogen atoms in two different NHj
groups. The NVH] group is connected to Br'¥(2 x),
Br'®, and Br“(2x), and the N®HJ group to
Br?(2x), Br®® and Br'¥. The hydrogen bond net-
work leads to the layer structure in the ab plane at
z=0 and z=1/2, which layer is made up of the
[ZnBr,]*~ anions and the cations through the hydro-
gen bonds. These layers are connected through N®—
H:--Br'® hydrogen bonds.

[n-H3C(CH,),NH3],ZnBr, (2)

Bis(n-propylammonium) tetrabromozincate(II) (2)
crystallizes monoclinic with space group C3,-P2,/c at
291 K; for the lattice constants etc., see Table 1. The
atomic coordinates and displacement parameters are
given in Table 2. Intramolecular distances and angles
are listed in Tables 3 and 4. Figure 3 illustrates the
formula unit with the thermal ellipsoids and their
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Table 3. Intramolecular bond distances (in pm) and bond
angles (in degree) for the tetrahedral coordinated ZnBr2~
anions, and hydrogen bond scheme.

553

Table 3 (continued)

Hydrogen bond scheme

[H3;N(CH,);NH,]ZnBr, (1) Connection d/pm Angle (N-H---Br)/°
Connection d/pm Connection Angle/° N®... g1 357.8 108.4
H®2)... Br) 320.7
Zn-Br'V 238.9(2) Br"-Zn-Br'» 112.11(6) N®...Br? 348.3 167.0
Zn-Br® 240.6(2) BrY—Zn-Br® 110.54(6) HN-2). .. g 261.0
Zn-Br® 241.7(2) BrY-Zn-Br® 106.21(6) N®...Br3) 350.7 133.7
Zn-Br® 2407(1)  Br®-Zn-Br®  110.54(6) H™N'Y-..Br 2832
Br®-Zn-Br® 107.07(5) N®...Br#) 343.7 119.5
Br®-Zn-Br® 110.22(6) H®NLD... Br#) 291.0
N®... 1" 3454 161.5
Hydrogen bond scheme H®N2.D... Br1" 259.8
N@...Br1" 3574 121.2
Connection d/pm Angle (N-H---Br)/° H®Z3...Br1" 303.1
N@...Br) 346.7 151.0
ND...Br1" 338.6 126.3 HN2.3)... Br(2) 266.1
H®LD... Bp1) 278.3 N@...Br2" 360.0 120.1
NW...gr1" 356.4 139.8 H®N2.D. .. Brf2" 307.0
H®NL3)... g1 283.7 N®...Br3" 3544 156.2
N®...Br3) 35541 157.7 H®N22)... B3 2112
H(Nl.Z)...Br(M 2711
N®...Br#) 338.6 139.2 Br'): x—1, y, z; Br": x—1, —y+1/2, z+1/2; Br*:
HNLD... Br@) 266.3 —x+1, y+1/2, —z41/2; Br'?: —x+1, y+1/2, —z+1/2;
N®...Br4” 3384 129.1 Br®":x, —y+1/2,z+1/2; Br'®: —x+1, —y+1, —z; Br®”:
H®NL3)... B4 2754 X, —y+1/2, z4+1/2; Bf'®: —x+1, —y+1, —z.
N@...Br1" 3414 122.7
HON22) ... B 284.9 [n-H,C(CH,),NH;] ZnBr, (3)
N@...Br® 3391 158.1
H®2.3)...Br® 254.8 Connection d/pm Connection Angle/°
N®...Br2) 346.6 132.2
H®~2D... Br2) 280.6 Zn-Br'") 240.3(3) Br'"-Zn-Br® 110.8(1)
N®...Br® 352.0 128.7 Zn-Br? 238.1(3) Br'"V-Zn-Br® 107.3(1)
H®N2.D... B3 289.5 Zn-Br® 240.5(3) Br'Y-Zn-Br*® 110.2(1)
N@...Br#" 3448 143.0 Zn-Br® 240.6(3) Br®®-Zn-Br® 110.5(1)
HN2.1. . B4 269.5 Br®-Zn-Br®  111.2(1)
Br®-Zn-Br®¥ 106.8(1)
Br": —x+1/2, y—1/2, —z+3/2; Br'"": x, y, z—1; Br'"):
—x+1, —y+2, —z+2; Br'®: —x+1/2, y+1/2, —z+3/2; Hydrogen bond scheme
Br®: —x+1/2, y—1/2, —z+3/2; Br®: x, y, z—1; Br*”:
x+1/2, —y+3/2,z—1/2; Br'*”: —x+1/2, y+1/2, —z+3/2.  Connection d/pm
n-H;C(CH,),NH;]ZnBr, (2 NW... B 349.1
cal e s N.... Br(1” 3528
Connection d/pm Connection Angle/° NW...Br3? 342.5
N®... B3 3471
Zn-Br" 240.2(1) Br'-Zn-Br® 107.9(1) ND...Br4) 367.0
Zn-Br® 241.6(1)  Br“-Zn-Br®  109.4(1)  N@...Br® 3458
Zn-Br® 240.9(2) Br'"—Zn-Br® 110.3(1) N@...Br?) 338.2
Zn-Br® 237.9(2) Br?-Zn-Br® 106.0(1) N@...Br3" 352.0
Br'®-Zn-Br® 111.1(1) N@...Br#" 345.6
Br®-Zn-Br®  111.8(1)
Br'': —x+1, —y, —z+1; Brt": x, y, z+1; Br®): —x+41,

atomic numbering used in this paper. The projection
of the unit cell of (2) along [100] onto the bc plane is
shown in Figure 4. The [ZnBr,]?*” tetrahedron is
slightly distorted. The Zn—Br distances and Br—Zn—Br
angles are found 237.9 <d(Zn-Br)/pm <241.6 (mean
value 240.1 pm) and 106.0< £ (Br-Zn-Br)/°<111.8

-y, —z+1;Br®: x, y, 24+ 1; Br®: —x, —y, —z+1; Br®":
x+1,y,z;Br®: —x, —y, —z+1; Br'*”: —x+1, —y, —z+1.

(mean value 109.5°), respectively, as listed in Table 3.
Two n-propylammonium cations in the formula unit
are crystallographically inequivalent. The displace-
ment parameters of the carbon atoms are very large as
listed in Table 2. This is related to the disorder of the
cations as in the room temperature phase of bis(n-
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CN\Br@¥

Fig. 1. Formula unit of 1,3-propanediammonium tetrabromozincate(II) (1) with the numbering of the atoms. The thermal

ellipsoids (50% of electrons as contour) are shown, too.

°© H
Oc

@ Zn
O~
@Br

Fig. 2. Projection of the unit cell of (1) along [100] onto the bc plane. Hydrogen bonds are marked by dashed lines.

propylammonium) tetrachlorozincate(II) [13]. Con-
siderable disorder has been observed in the n-propyl-
ammonium ions which leads to an unacceptable
spread in the C—C bond distances. The final refine-
ment has therefore been carried out with C-C dis-
tances restrained to their theoretical values. There is
an interesting difference between the structures of the
two independent cations in (2). The cation 2(N?)
shows the normal trans chain structure, whereas the
cation 1(N) has a kink in the chain, i.e., a gauche

conformation for the terminal methyl groups. Inter-
estingly the carbon atoms in cation 1 have larger dis-
placement parameters than those in cation 2. We have
calculated the torsion angles for the two cations given
in Table 4. A gauche conformation of the alkyl chain
has not been observed in the structure of the chloride
analogue [13].

In Table 3 distances and angles of the N-H:--Br
hydrogen bonds in (2) are listed in consideration of the
sum of the van der Waals radii of the NH; group and
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Table 4. Intramolecular distances (in pm) and angles (in de-
gree) within the alkylenediammonium or alkylammonium
cations.

[H,N(CH,),NH,]ZnBr, (1)

Connection d/pm Connection Angle/°
N_cm 1463(12) N-C_C® 112.2 (8)
c_c@ 150.4(13) ch-cd_cd 1119 (8)
cd_c® 149.8(13) CP_CP_N@ 110.2 (8)
C®_N®@ 148.6(11)

The distances NV-H®Y and N@—-H®™? are fixed to 89 pm.
The distances C'V-HY, C?-H? and C®-H®? are fixed
to 97 pm. The angles H-N*’-H and H-N®-H are fixed to
109.5(5)°. The following angles are also fixed; C'"'-N™—H,
109.3-109.5°; C®-N®_H,109.4-109.6>; H-CV—H, 107.9%;
H-C®-H, 108.1°; H-C'®-H, 108.1°.

[n-H;3C(CH,),NH;], ZnBr, (2)

Connection d/pm Connection Angle/°

N_ct) 140.0(13) NO_CcW_Cc@ 118.3(12)

c_c@ 147.7(14) CH-_CcH_Cc 120.1(15)

c®-_c® 140.4(15)

N@_Cc® 146.2(12) N@_CH_C> 115.8(10)

CH_C® 140.5(15) c@-_Cc-c® 1159(12)

co-c® 150.5(17)

Selected torsion angles:

Connecting planes Angle/°

chmcm | C(l)c(l)c(B) 649(24)

N@CH ™ l cwcerce 176.1 (1 1)
[n-H3C(CH,);NH;], ZnBr, (3)

Connection d/pm Connection Angle/°

N@O_Cc 143.5(16) NW_Cch_Cc? 108.6(20)

c_c@ 152.7(18) CcH_CcA_Cc® 109.2(20)

ce_Cc® 151.5(18) CcA-_Cc-_c@w 113.8(27)

c®-_c@ 150.3(18)

N@_C® 149.1(17) N®_C®_C® 115.5(24)

Cc-C® 146.6(18) c®»-Cc®-_cm 111.3(25)

ce_cm 153.4(19) cO-_Cc-_c® 107.2(28)

ch-_Cc® 146.2(19)

Selected torsion angles:

Connecting planes Angle/°

N(l)c(l)c(Z) | C(l)c(Z)c(:&) = 173.6(23)

chCcHCH | ccAOCcH —179.2(29)

NACEH O | CHCO CM 170.6(25)

C(5)c(6)c(7) | C(6)c(7)C(8) 81.7(40)

the Br atom, 350 pm [12]. All amino hydrogen atoms
are connected to bromine atoms. The NWHJ group
was connected to Br'¥, Br®, Br®, and Br® and the
N@H7 group to Br'(2 x), Br'®(2 x), and Br®. The
hydrogen bond network leads to the layer structure

Fig. 3. Formula unit of n-propylammonium tetrabromozin-
cate(II) (2) with the numbering of the atoms. The thermal
ellipsoids (50% of electrons as contour) are shown, too.

made up of the [ZnBr,]?>~ anions and the cations lying
in the ab plane centered at z=0 and z=1/2. The hydro-
gen bonds were formed within these planes, while the
layers are connected by van der Waals interactions.

[n-H3C(CH,);NH;),ZnBr, (3)

Bis(n-butylammonium) tetrabromozincate(II) (3)
crystallizes monoclinic with space group C3,-P2,/c at
295 K. In Fig. 5 we show a sketch of one formula unit
with thermal ellipsoids. The lattice constants etc. are
shown in Table 1, and the atomic coordinates and
thermal parameters in Table 2. In Fig. 6 the unit cell is
projected along [100] on the bc plane. Intramolecular
distances are found in Tables 3 and 4. The characteris-
tic feature of (3) is the isolated tetrahedral structure of
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Q Br

Fig. 4. Projection of the unit cell of (2) along [100] onto the bc plane. Hydrogen bonds are marked by dashed lines.

[ZnBr,)>~ as observed for (1) and (2). Again, the
[ZnBr,])*" tetrahedron deviates little from regularity:
238.1 <d(Zn-Br)/pm <240.6 (mean value 239.9 pm),
and 106.8 < £ (Br—Zn—Br)/°111.2 (mean value 109.5°).
There are two crystallographically inequivalent n-bu-
tylammonium cations in the unit cell as in the structure
of (2). The displacement parameters of carbon atoms
are very large like in (2). The compound (3) undergoes
the order-disorder phase transition with a second-order
character at 299 K [9]. The disorder in the cation lead
to a considerable shortening of the C—C distance as
previously reported by [14]. Therefore in analogy to (2)
the refinement in the final cycles was restrained to the-
oretical values of C—C bonds. Like in (2), there is an
interesting difference between the structures of the two
independent cations in (3). The cation 1(N)’) shows a
whole trans chain structure, while the cation 2(N)?)
has a kink in the chain, i.e., a gauche conformation for
the terminal methyl group (see Table 4). In addition, the

Fig. 5. Formula unit of n-butylammonium tetrabromozin-
cate(II) (3) with the numbering of the atoms. The thermal
ellipsoids (50% of electrons as contour) are shown, too.
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oC
O Zn
® N

@ Br

Fig. 6. Projection of the unit cell of (3) along [100] onto the bc plane. Hydrogen bonds are marked by dashed lines.

carbon atoms in the cation 2 have larger displacement
parameters than those ion the cation 1.

We have calculated some hydrogen bond distances
N---Br, see Table 3. The NH; group was connected
to Br'(2x), Br®(2x), and Br, and the N?Hj
group to Br'Y, Br®, Br®® and Br®. The hydrogen
bond network leads to the following layered structure
of (3): the [ZnBr,)*~ tetrahedra are located in the ac
plane, centered at y=0 and y=0.5, and they are con-
nected by the hydrogen bonds to the cations making
a two-dimensional system. The layers are held to-
gether at y=0.25 and y=0.75 by van der Waals inter-
actions. Therefore, the main structure is very similar
to the structure of (2).

81 Br Nuclear Quadrupole Resonance
and Phase Transitions

DSC measurements on (1) in the temperature range
between 130 K and the melting point of 577 K show
that the compound (1) undergoes a phase transition at
474 K. The ®'Br NQR spectrum in the phase II of (1)
consists of a quartet, i.e.,, four lines with the same
intensity, which is in agreement with the result of our

crystal structure determination of (1) at room temper-
ature. The numerical data are given in Table 5 and the
temperature dependence of NQR frequencies mea-
sured between 77 and 350 K is shown in Figure 7. The
81Br NQR and DSC measurement of (2) and (3) have
been carried out recently as a function of temperature
[9, 15]. At room temperature both compounds show a
quartet of 8 Br NQR spectrum, which is in agreement
with the results of our crystal structure determina-
tions. The compound (2) shows a rather complicated
phase diagram. The phase transition takes place at
347 K [15]. Although it was concluded that a phase
transition is located at 298 K by NQR measurements
[9], no heat anomaly was observed around 298 K on
DSC measurements [15]. There is another phase tran-
sition at 130 K, and at least one more transition oc-
curs in the temperature range between 77 and 120 K
[9]. On the other hand, only one transition was found
for (3) at T;; ;=299 K. For more elaborated discus-
sions of the phase transitions and #!Br NQR of (2) and
(3), and along with literature on (C,H,,, ;NH;),ZnBr,
compounds, see [9] and [15].

81Br NQR results of [H;N(CH,),NH,]ZnBr, (4)
and [n-H,C(CH,),NH;],NH;],ZnBr, (5) show that
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Table 5. ®'Br NQR frequencies at selected temperatures and
coefficients a; of the power series with the least squares approx-
imation v(*'Br)=3,a;x T', —1<i<2 of [H;N(CH,);NH;]
ZnBr, (1). Z is the number of experimental points, ¢ is the
mean squares deviation. The 8'Br NQR results are also listed
for [H;N(CH,),NH,] ZnBr, (4) and [n-H,C(CH,),NH,],
ZnBr, (5) in phase II.

Frequencies at selected temperatures.

[H3N(CH,);NH;] ZnBr, (1)
v; v/MHz (T /K) v/MHz (T /K)
vy 61.634(77) 58.799(330)
v, 58.062(77) 57.328(330)
Vs 56.675(77) 55.978(330)
Vg 53.673(77) 52.365(330)

[HyN(CH,),NH;] ZnBr, (4

v, v/MHz (T/K) v/MHz (T/K)
v, 65.992(77) 63.787(320)
v 65.544(77) 62.963(320)
vy 59.900(77) 59.928(320)
v, 50.189(77) 50.364(320)

[n-H,C(CH,),NH,] ZnBr, (5)

v, v/MHz (T/K) v/MHz (T/K)
v, 61.279(77) 59.712(240)
v, 58.933(77) 56.936(240)
Vs 57.869(77) 57.409(240)
v, 56.485(77) 54.793(240)

Coefficients of a; of power series

[H,N(CH,);NH,]ZnBr, (1) (77< T/K <341)

v; Z 1 a, a_, a, 10 a,10°
kHz MHz MHzK MHzK~! MHzK™?
v, 68 32 62.604 —3.063 —11.644 0.750
v, 68 29 58.314 —5.749 —3.451 1.755
vy 52 31 56.842 —2.087 —-2927 0.889
v, 41 29 53.871 —0.452 —2.658 —-5921
[H;N(CH,),NH;]ZnBr, (4) (77<T/K<330)
v A a a, ey a,-10° a, 10°
kHz MHz MHzK MHzK~™' MHzK™?
v, 53 40 66.475 0.007 —5.708 —8.179
v, 44 45 67.019 —43873 —11.045 —3.860
vy 47 51 59.974 0.711 —2972 8.920
v, 46 46 51.390 —50.000 —9.174 19.548

[n-H,C(CH,),NH,], ZnBr, (5) (77< T/K <244)

v; Z ¢ a, by a,-10° a,-10°
kHz MHz MHzK MHzK™! MHzK™?
v, 25 40 61.963 0.339 —8.053 —5.526
v, 35 39 59.844 —-0.675 —11.673 —2.560
v, 42 26 56.052 80.716 13410 —37.791
¥y 19 48 55.870 4.889 11.889  —66.557
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510 1 | | Il 1
50 100 150 200 250 300 350
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Fig. 7. Temperature dependence of ®' Br NQR frequencies of
1,3-propanediammonium tetrabromozincate (II) (1).

the spectrum of each compound consists of four lines
with the same intensity as in (1)—(3) [9]. This fact seems
to suggest that (4) and (5) have an isolated [ZnBr,]*~
structure, too. The temperature dependences of NQR
frequencies in (4) and (5) are shown in Figs. 8 and 9,
respectively. A quartet in the ' Br NQR spectrum of
(4) could be observed between 77 and 330 K, above
which temperature four NQR lines disappeared. DSC
measurement shows several phase transitions located
at 349 K and higher temperatures. The disappearance
of NQR lines is due to the phase transition at 349 K
and/or the activation of reorientational motions of
[ZnBr,]*” anions. A quartet in the 8'Br NQR spec-
trum of (5) could be observed between 77 and 244 K,
above which temperature three resonance lines disap-
peared. The NQR frequency of the remaining one line
changed discontinuously at 244 K and it could be
observed up to 255 K. This fact suggests that the
phase transition is of first-order, which agrees with the
results of DSC experiments [15]. The transitions ob-
served at 347 K in (2), 299 K in (3), and 244 K in (5) are
well explained by an order-disorder phase transition
with a double-minimum potential for the alkyl-
ammonium orientation. However, the former two
transitions are of the second-order type whereas the
last is of the first-order type [15].
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Fig. 8. Temperature dependence of 8'Br NQR frequencies of
1,4-butanediammonium tetrabromozincate (II) (4).
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Fig. 9. Temperature dependence of ' Br NQR frequencies of
n-pentylammonium tetrabromozincate (II) (5).

Discussion

In the three [ZnBr,]*>~ complexes reported in this
paper, the [ZnBr,]*~ anion geometry is nearly identi-
cal. As seen from Table 3, the Zn—Br distances vary

little among the three compounds, with the minimum
of 237.9 pm in (2) and the maximum of 241.7 in (1).
The average Zn—Br distance is between 239.9 pm for
(3) and 240.5 pm for (1). Similarly, the tetrahedral an-
gles Br—Zn—Br are only slightly different among the
three compounds between 106.0° in (2) and 112.1° in
(1). A mean angle of 109.45° is found for the three
compounds. The small differences are probably due to
the variations in the N-H - - - Br hydrogen bonds. For
further discussion we need precise hydrogen positions
as may be obtained by neutron diffraction.

We have information about the structure and the
phase transitions of Rb,ZnCl, which crystallizes with
isolated tetrahedra [ZnCl,]?>~ [16, 17] and shows in-
teresting phase transitions. [N(Ch,),],ZnCl, and
[N(CH,),],ZnBr, belong also to the class of A,MX,
complex salts with isolated tetrahedral anions, i.e.,
the B-K,SO, structure [18,19]. The compounds
[RNH;],ZnCl, with R=methyl [20], ethyl [21], n-
propyl [13], n-dodecyl [22], and n-tetradecyl [23] ex-
hibit isolated tetrahedra [ZnCl,])?>", arranged in the
planes which are connected with the planes of the alkyl-
ammonium ions through N-H -- - Cl hydrogen bonds.
Moreover, we found that [RNH;],ZnBr, with R=n-
propyl, n-butyl, and n-pentyl, and [H;NR'NH;]ZnBr,
with R’=trimethylene and tetramethylene, and
[(CH,),NH,],ZnBr, [6] have isolated tetrahedral
anion structures. We can therefore conclude that
(A),Znx, and (A)ZnX, complexes have an isolated
tetrahedral anion structure without exception, and
that the influence of the cations does not appear in
[ZnX,])?~ compounds.

Tetrachloro complex salts of the metal ions of
Mn (II), Cu(II), Cd (II), and Fe(II) formed with cations
of [RNH,]* and [H;NR'NH,]** have been described
in considerable number in the literature during the
last 20 years. It is characteristic for these compounds
that they have structures made up of layers of con-
densed octahedra [MCl¢],, [24]. The alkylammonium
and alkylenediammonium cations are situated be-
tween the planar perovskite-type layers [MClg¢] , and
the NH; groups form hydrogen bonds with the halo-
gen atoms in the anion layers [24, 25]. The structures
and magnetic properties of copper (II) halide (Cl, Br)
complexes are comprehensively discussed in [25]. Be-
sides the interesting magnetic properties [26—28], the
compounds with M =Mn(II), Fe(II) and Cu(II) show
phase transitions driven by the dynamics of the NH
groups which form the hydrogen bonds, and of the
aliphatic part of cations. On the other hand, [CdX,]*~
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complexes with [RNH;]* or [H;NR'NH;)?* can take
one of two types of structures, i.e., the perovskite-type
layer structure and the isolated tetrahedral anion struc-
ture, depending on the number of hydrogen bonds be-
tween the anion and the cation, and also on the cation
size [6, 8]. Furthermore, [1,4-(H;N),C¢H,]CdBr, can
take another type of anion coordination, ie., [CdBrs],
(8].

Based on the results presented above, we may con-
clude that [ZnX,]*>~ complexes form only isolated te-
trahedral anions. This is probably a consequence of
the pronounced preference of the [ZnX,]*>~ tetrahe-
dral coordination in zinc halide compounds. For
example, [M(NH;)¢]ZnCl; (M(III)=Co, Cr) has a
structure which consists of tetrahedral [ZnCl,]?~ ions
with an additional Cl~ anion [29, 30]. In contrast,
[M(NH3;)¢] CdCls (M (III)=Co, Cr) has the trigonal
bipyramidal [CdCls]*~ structure [31, 32]. What are
therefore the driving forces for the polymerisation of
the complex [MX,]*>~ which lead to two-dimensional
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