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The Crystal Structure of trans-Dichloridodiaquoethylene-
diaminechromium (III) Chloride, trans-[ CrCl,(H,0) ,en]Cl

ROLF STOMBERG and INGRID LARKING

Department of Inorganic Chemistry, Chalmers Institute of Technology and University of
Gateborg, Fack, S-40220 Géteborg 5, Sweden

The structure of one of the three possible isomers of
[CrCl,(H,0),en]Cl has been determined from visually estimated
X.-ray data by Patterson and Fourier methods and refined by the
least-squares technique to a final R-value of 0.117 for 866 observed
reflexions.

The crystals are orthorhombic, belonging to space group Pmc2,,
with a=8.811 A, b="7.539 A, and ¢=14.256 A. There are four formula
units in the cell. Every chromium atom is octahedrally surrounded
by two chlorine atoms in trans positions, the two nitrogen atoms of
the ethylenediamine molecule, and two water oxygen atoms. The
crystals are composed of [CrCl,(H,0),en]™ and CI” ions.

Average bond distances and angles are: Cr—Cl 2.32 A, Cr—N
2.08 A, Cr—0 205 4, Cl-Cr—Cl 179.1°, N—Cr—N 83.1° and
0—Cr—0 96.7°.

House and Garner! have used diperoxidoamines of chromium(IV) in the
synthesis of amine complexes of chromium(III). In particular, they have
devised a simpler and more efficient method to synthesize Weinmann’s blue,
[CrCly(H,0),en]Cl.2:2 In connection with this work the question has arisen
which of the three theoretically possible geometric configurations is adopted
by the [CrCl,(H,0).en]* ion.

The kinetics of aquation of the [CrCl,(H,O),en]* ion in acid solution has
been investigated by these authors¢ in the hope that the kinetic data and
identification of aquation products might have been of help in characterizing
the geometric configuration. Since the ‘“‘wet” chemical methods have failed
to give a conclusive answer, one of the present authors (R. S.) has been asked
by Dr. House to perform the crystal structure analysis of Weinmann’s blue.

Acta Chem. Scand. 23 (1969) No. 2



344 STOMBERG AND LARKING

Table 1. Obgerved lines in the powder photograph of trans-[CrCl(H,0).en]Cl.
MCuKa,)=1.54051 A.

hkl 10° X sin®0ops  10° X sinfarc T bs dobs
002 1176 1168 w 7.103
011 1341 1336 st 6.651
110 1810 1808 w 5.725
102 1936 1932 vst 5.536
111 2107 2100 vst 5.307
012 2216 2212 m 5.174
112 2974 2976 vw 4.466
200 3062 3057 w 4.402
013 3673 3671 vst 4.019
210 4096 4100 vvw 3.806
202 4224 49224 m 3.748
021 4464 4467 vst 3.636
004 4676 4671 st 3.562
104 5446 5435 vvw 3.301
014 5716 5715 w 3.222
114 6480 6479 vw 3.026
213 6728 6728 w 2.970
023 6794 6803 w 2.955
221 7527 7524 w 2.808
123 7570 7567 w 2.800
204 7726 7728 w 2.771
310 7945 7921 vvw 2.733
302 8047 8045 w 2.715
311 8214 8213 w 2.688
015 8342 8342 vvw 2.667
214 8776 8771 m 2.600
115 9116 9107 vw 2.551
223 9864 9859 vw 2.452
032 10550 10562 m 2.370
025 11467 11474 m 2.274
016 11579 11554 w 2.266
400 12227 12226 m 2.203
314 12599 12592 vvw 2.171
411 13570 13562 vw 2.092
323 13660 13680 vvw 2.082
034 14075 14065 vvw 2.054
412 14443 14438 vvw 2.027
225 14553 14530 vvw 2.021
026 14686 14685 vvw 2.010
134 14841 14829 vvw 2.000
3156 15244 15220 vvw 1.9728
017 15347 15349 m 1.9662
413 15911 15897 m 1.9310
421 16711 16693 m 1.8842
404 16913 16897 vw 1.8729
127 19233 19245 vvw 1.7563
108 19471 19449 vvw 1.7456
018 19734 19728 vw 1.7339
136 20654 20668 vvw 1.6948
044 21388 21372 vvw 1.6655
406 22743 22736 vw 1.6151
425 23700 23700 vvw 1.5822
416 23780 23780 vvw 1.5795
327 25380 25358 VW 1.5289
434 26306 26291 vvw 1.5018
417 27561 27575 vw 1.4672
602 28670 28677 vvw 1.4385
0010 29198 29104 vw 1.4255
418 31043 31954 vvw 1.3628
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EXPERIMENTAL

Preparation and analysis of the crystals. Crystals of Weinmann’s blue, suitable for
X-ray diffraction experiments, were produced by the method proposed by House and
Garner.! Our crystals showed exactly the same X-ray powder pattern as those kindly
analyzed and sent to us by Dr. House.

X-Ray methods. Accurate cell dimensions were obtained from X-ray powder photo-
graphs taken in a Guinier focusing camera with CuKe« radiation, using KCl (a=6.2929
A at 20°C) % as an internal standard.

For the single crystal work multiple film (5 films) equi-inclination Weissenberg
photographs were taken of crystals of approximate dimensions 0.1 0.1 X 0.2 mm with
rotation about [100] (layer lines 0—8) and [001] (layer line 0), using CuK« radiation.
Three crystals were used.

The relative intensities of the reflexions were estimated visually by comparison
with a standard scale (obtained by the rotating sector method) and were corrected
using Lorentz’ and polarization factors. Absorption and extinction effects were not
considered. The [F,|-values were brought to an absolute scale by comparison with
the finally calculated structure factors.

Computing methods. The computational work, including least-squares refinement of
the cell dimensions, Lorentz’ and polarization corrections, Fourier summations, structure
factor least-squares refinements and calculation of interatomic distances and angles,
was performed on the electronic computer SAAB D21 using a set of crystallographic
programmes written by Abrahamsson, Aleby, Larsson, Lindqvist and Wengelin >

The atomic scattering factors used in the calculation of the structure factors were
taken from Volume IIT of the International Tables for X-ray Crystallography, 1962.

UNIT CELL AND SPACE GROUP

The unit cell parameters were obtained from the measured sin?6 values
by a least-squares procedure using 59 observed lines. [CrCly(H,0),en]Cl was
then found to be orthorhombic with

a=8.81140.003 A, b="7.539-+0.006 A, c=14.2564-0.006 A, V=947.0 A3,
(The errors given are 3g).

Calculated and observed sin?6 values are given in Table 1.

The systematically absent reflexions were

ROl with 1=2n-1
and A00 with A=2n-1
The first condition is characteristic of the space groups Pmc2; (No. 26), P2cm
(No. 28), and Pmcm (No. 51). The second condition does not apply to anyone
of the ordinary space groups. It is taken to be ‘‘accidental” but it has, of
course, a significant structural meaning (see below).

The density of the crystals, determined by weighing a sample in air and
benzene, is 1.71 g/ecm3. The density calculated for a unit cell containing four
formula units is 1.73 g/em3.

STRUCTURE DETERMINATION

Atomic positions. The Patterson function P(uwvw) showed the following
large maxima:
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peak height peak height

u v w (arbitrary u v w (arbitrary
units) units)
0 0 0 3826 3 0.20 0.30 855
0.26 0 0 1455 0.26 0.29 3 628
0 0.27 3 1394 0.24 3 0.20 615
3 0 0 1333 3 0.24 ¥ 595
3 3 0.20 1052 0.24 0.21 0.30 404

The above-mentioned fact that 200 reflexions are observed only for h=2n
means that if the « value of the position of one atom is x,, there will be an
atom of the same kind (but not necessarily symmetry-related) at, or very
near, z,-+3%. This is consistent with the fact that P(uwvw) has many large
maxima at ¥=0 and }. Since all the remaining heavy peaks of P(uvw) have
u=} the space group has at least approximate mirror planes perpendicular
to the a axis at =0 and 4. This makes it probable that the space group is
either Pmc2, or Pmcm with the chromium and chlorine atoms in planes at
=0, %, 4, and . From this and space considerations one can conclude that
the chromium atoms are situated in the mirror planes, the four chromium
atoms in the cell thus occupying two two-fold positions. Comparison between
calculated and observed interatomic vectors, with due account taken of
possible interatomic distances, indicates that the only possible space group
is Pmc2, with the following chromium positions:

Cr, in Pmc2,: 2b with x = }, y = 0.13, z = 0.30
Cry » » 28 » z=0,y9y=033,2=0

The structure was then solved in the usual, rather straightforward, man-
ner. It was quite obvious that the highest Patterson peak (at 0.26, 0, 0) with
the length 2.3 A, which is a normal Cr—Cl bond length, could be interpreted
as overlapping Cr—Cl vectors. The coordinated chlorine atoms would conse-
quently occupy two four-fold positions with the same y and z coordinates
as the chromium atoms and the x values 0.24 and 0.26. Probable coordinates
for the two chlorine atoms of the asymmetric unit would thus be:

Cl, in Pmc2,: 4c with z = 0.24, y = 0.13, z = 0.30
Cl; » » 4c » x2=1026,y=0332=0

A Fourier summation of the observed structure factors was then under-
taken with the signs of the Fourier coefficients being determined by the
contribution from the atoms Cr,, Cr,, Cl,, and Cl,. This showed large peaks
at all the above positions with relative magnitudes expected for the chromium
and chlorine atoms. There were also minor peaks in the mirror planes about
the chromium positions. These were taken to be the oxygen and nitrogen
sites. Possible positions of the remaining chlorine atoms were found both
at x=0 and } and =} and §. Calculation of F(%00) values and comparison
with observed structure factors made it obvious that the chloride ions occupy
the position Cl; in Pmc2,: 4c with x=0.25, y=0.61, 2=0.24.

As the nitrogen atoms form tetrahedral bonds in the ethylenediamine
molecule and as they lie in the mirror plane containing the chromium and

Acta Chem. Scand. 23 (1969) No. 2




STRUCTURE OF [CrCl(H,0)en]Cl 347
oxygen atoms, the carbon atoms must be out of this plane. There are two
possible solutions to this problem. One is that the correct space group is the
monoclinic one Pc. The other is to assume that the four carbon atoms of the
unit cell statistically occupy two four-fold positions of Pmc2,. The contribu-
tion from the carbon atoms to the structure factors is so small that it is impos-

Table 2a. Atomic coordinates (expressed in fractions of the cell edges) and isotropic
thermal parameters with their standard deviations for trans-[CrCly(H,0);en]Cl.

The temperature factor =exp[—B(sin’0)/A*]. Space group Pmc2,. 4 molecules in
the unit cell. All atoms occupy the twofold positions 2a and 2b except Cl and C which
occupy the position 4c.

Atom z Y z B a(x) o(y) o(z) o(B)
As x10¢  x10*  x10* Ax

Cr, P 0.1311 0.3172 6 4

Cr, 0 0.3315 0.0134 6 4

Cl, 0.2372 0.1296 0.3167 6 7 4

Cl, 0.2637 0.6707 0.5145 5 7 4

Cl, 0.2547 0.6094 0.2395 7 7 6

0, 3 0.2895 0.2027 4.20 27 16 0.39
0O, 3 0.8945 0.2483 4.31 25 16 0.39
O, 0 0.5540 0.1009 4.23 27 15 0.40
0, 0 0.5318 0.3910 3.67 25 14 0.36
N, 3 0.0001  0.4457  3.45 32 17 0.39
N, 3 0.3578 0.4051 3.93 30 18 0.46
N, 0 0.1786 0.1346 4.05 32 19 0.46
N, 0 0.9085 0.4466 3.56 29 17 0.42
C, 0.5415 0.8867 0.0199 4.99 47 47 34 0.96
C, 0.5406 0.2984 0.5098 6.59 556 63 45 1.18
C, 0.0368 0.9894 0.1213 7.84 70 84 43 1.47
C, 0.0312 0.9419 0.0112 4.39 43 43 30 0.73

Table 2b. Anisotropic temperature parameters U;; (with their standard deviations in
parentheses). The expression used is

exp—2a2(h2a*2U -+ kb*2U 33+ B3c*2U 35+ 2klb*c* U g5+ 2lhc*a* Uy, + 2hka*b* U ).

Atom Un Us, Uss Ujs Usy Ui

Cr, 0.055 0.043 0.034 0.005 0 0
(0.003) (0.002) (0.002) (0.002)

Cr, 0.045 0.047 0.037 —0.006 0 0
(0.002) (0.002) (0.002) (0.002)

Cl, 0.043 0.059 0.057 0.014 —0.005 —0.005
(0.002) (0.003) (0.003) (0.003) (0.003) (0.002)

Cl, 0.038 0.067 0.056 0.013 0.008 —0.001
(0.003) (0.003) (0.003) (0.003) (0.003) (0.002)

Cl, 0.052 0.063 0.062 —0.004 0.000 —0.005
(0.003) (0.003) (0.003) (0.003) (0.003) (0.003)
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Table 3. Observed and calculated structure factors for trans-[CrCly,(H,0),en]Cl. The
columns are successively &, k&, I, 100|F,|, 100/F |, and phase angle o (expressed in frac-
tions of one revolution).
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Table 3. Continued.

% 8 1 642 841 0.5727 3 s 3 523 613 5 1 1 1538 1994 0.1976
2 8 2 492 632 n.9031 4 o 2 2766 3009 s 1 2 730 758 0.2774
2 8 3 482 535 0.9717 4 0 4 12694 8299 5 1 3 456 534 0.1116
2 8 4 382 283 0.5026 4 [ 6 5204 anz4 s 1 4 837 1079 0.7848
2 8 5 367 492 0.4797 4 9 8 1650 1640 5 1 5 1224 729 0.3382
2 ] 8 348 457 0.4110 4 o 19 7213 6423 5 1 6 411 334 0.3700
2 9 0 88 633 1.000) 4 0 12 2427 2324 5 1 7 1207 957  0.1437
3 9 2 9778 10259  0.0013 ] 0 14 2906 3157 5 1 9 1933 1484 0.4717
3 0, 4 2239 1703 0.8463 4 2 16 2045 2168 5 1 10 700 615  0.8332
3 0 s 2372 1978 10,2458 4 1 9 589 834 s 111 521 568 0,1972
3 0 8 6648 5806  0.0429 a 1 1 3492 4451 5 112 622 264 0.4711
3 0 10 688 507  0.9283 4 1 2 4579 4473 3 115 420 470 0.4859
3 0 12 3249 2519 0.2498 4 1 3 8454 8281 5 116 343 35L 0.6048
3 0 14 1678 1558 0.1n19 4 1 4 4348 4014 5 2 o 282 485 0.,9999
3 [ 16 7314 683 0.4094 4 1 5 2511 2595 5 2 1 314 198 0.6241
3 1 0 5496 6535 0.500 4 1 6 5357 5288 5 2 2 381 347 0,4870
3 1 1 6673 7564 0.1772 4 1 7 6550 7104 5 2 3 1893 1856 0.7012
3 1 2 2152 2368 0.2436 4 1 8 5178 5236 5 2 4 1089 1015 0.%5134
3 1 3 1703 1747 0.3837 4 1 9 2625 2717 5 2 5 338 260 0.1112
3 t 4 4583 3883 0.6433 4 11 518 589 5 2 3 696 738 0.3%89
3 1 5 5126 4445 0.3376 4 1 11 3907 2683 5 2 7 2574 1888 0.9295
3 1 6 1423 1527 0.4926 4 1 12 1753 1504 5 H 8 698 305  0.%A78
3 1 7 1000 2846 0.2421 1 113 1842 1979 5 2 9 1204 1087 0.7349
3 1 9 4045 3758 10,4940 4 1 1 987 786 5 2 10 850 672 0.9321
3 1 10 2176 1920 9.6910 4 115 936 1011 5 2 1t 298 158 0.8214
3 1 11 2470 2041 0,323) 4 1 16 621 883 5 2 13 883 758 0.8044
3 112 990 923 10,4487 4 2 0 1600 1295 5 2 14 527 336 0.6059
3 1 14 1484 1421 0.B462 4 2 1 6584 8797 5 2 15 380 155 0.4806
3 1 1583 1458 0.4981 4 2 2 2510 2191 5 3 L] 353 238 0.8001
3 1 16 860 784 0.6231 4 2 3 4853 4602 5 3 1 390 560  0.2008
3 2 ] 558 677 0.9999 4 2 4 2494 2578 5 3 3 1357 1766 0.9361
3 2 1 1589 1671 0.8704 4 2 5 10323 8083 5 3 4 2245 2212 0.1273
3 2 2 2057 2040 10,5338 4 2 6 49 3765 5 3 5 988 861 0.3709
3 2 3 7691 6838 0,7483 4 2 7 2964 2823 5 3 6 209¢ 1462 0.9915
K 2 4 2452 2348 0,541 ] 2 8 1299 1342 5 3 7 790 0.8418
3 2 5 880 806 0.3462 4 2 9 3060 2847 s 3 8 296 252 0.0483
3 2 3 1256 1247 0,4723 4 210 1736 1671 5 3 9 524 600 0.%5727
3 2 7 6070 5945  0.9312 4 2 11 4777 4484 5 3 10 559 600 0.1586
3 2 . 1177 1255 0.6777 4 2 12 906 868 5 3 12 511 612 0.0097
3 2 9 2818 2777 n.7250 a 2 1 1076 1123 5 3 13 302 283 0.8757
3 2 10 956 928 0.8729 a 2 18 2664 2481 5 3 14 368 392 0.2346
3 2 1 636 996 0,046 4 3 1 2076 2293 5 315 267 169 0.5152
3 2 12 859 00 0,793 4 3 1 2148 2155 5 4 0 789 758 1.0000
3 2 13 2439 1841 0,8777 4 3 2 5679 6551 5 4 1 793 654 0.1928
3 2 14 733 672 0.6410 4 3 3 2929 3178 5 4 2 1418 1428 1.5797
3 2 15 267 218 0.6273 4 3 4 6369 6412 3 “ 3 1253 1118 0.2942
3 3 k) 3352 3441 1,0000 4 3 5 4138 4691 5 4 4 1139 990  0.3254
3 3 1 2566 2293 0,0744 4 3 6 3309 3836 5 4 5 352 105 0.2415
3 3 2 1061 1118 0.8904 4 3 7 3189 3340 5 4 8 368 171 0.2026
3 3 3 3024 2621 0.8425 4 3 8 3833 4496 5 4 W 353 384 0.1063
3 3 4 6417 5869  0.1433 L] 3 9 3533 2775 5 4 11 332 488 0.3561
3 3 5 1742 1632 0.3159 4 3 10 530 743 5 4 12 801 803 0.8090
3 3 s 5098 4261 0.0¢21 4 31 911 1007 5 4 13 566 542 0,4218
3 3 7 1080 1388 0.8A66 4 3 12 2985 2644 5 5 ¢ 413 49 0.5004
3 3 8 430 782 1.2051 4 3 14 1969 1763 s 5 1 1096 966  0.7532
3 3 s 1054 1188 0.8282 4 3 1% 402 46 s 5 2 1267 1161 0.4313
3 3 10 2758 2545 0,1805 4 4 ] 6953 6950 5 5 3 594 519 0.0106
3 3 11 572 844 0.1a00 4 4 1 3319 3397 5 5 ‘ 733 665 10,3237
3 3 1 1412 1296 0,03851 [} 4 2 3282 3595 5 5 5 672 835 0.7937
3 3 13 923 846 0.BAb1 4 4 3 2155 2348 5 5 ] 355 246 0.5780
N 3 14 1587 1183 0.3072 4 4 4 3781 4391 s 5 9 521 562 0.9141
3 ‘ 1684 1737 1.0000 4 L) 5 3200 3561 5 5 11 817 662  0.8234
3 4 1 2339 2262 0.2939 4 4 s 2374 2126 5 5 12 249 316 0.7205
3 4 2 3478 3683 0.6n21 4 4 7 1194 1150 5 13 0 424 372 1.0000
3 ‘ 3 3248 3222 0.2768 ] 4 [] 430 387 5 6 1 734 700 0,5343
3 4 4 3359 3182 0.3465 4 ‘ ° 1336 1392 s 6 2 473 421 0.3096
3 ‘ 5 1159 1303 0.3%63 4 4 10 3028 2823 5 6 3 298 98 0.3715
3 4 6 797 977 PSS 4 4 11 1953 1799 ] 6 4 626 519 0.0803
3 4 7 768 934 0.3416 4 4 12 2213 2213 5 6 s 543 479 0.8641
3 4 [ 1070 1372 0,5180 4 4 13 1122 1202 5 6 6 346 516 0.1352
3 4 9 1186 1261 0.3408 4 4 14 is10 1445 5 6 7 272 295  0.5826
3 “ 10 737 891 n.1421 4 5 0 2128 2422 5 6 8 750 803 0.0440
3 4 11 723 845 n.4278 4 5 1 22858 2582 s [ 9 581 441 0.0810
3 4 12 1683 1627 9.7862 4 5 2 1880 1846 5 6 10 298 232 0.1192
3 4 13 1649 1396 0.4980 4 5 3 4424 4522 5 7 [ 614 675 0.8000
3 4 14 1404 1195 0.8264 4 5 4 2289 2382 5 7 3 421 345 0.3196
3 5 ] 515 508 1.0000 4 5 5 676 863 5 7 4 409 432 0.5059
3 5 1 2532 2998 0.7i15 4 5 6 2929 2879 5 7 6 526 377 0.4382
3 5 2 2891 2864 0.4R62 4 5 7 2858 3080 5 7 7 754 716 0.3954
3 5 3 1018 1202 0.0476 4 5 8 1392 1653 5 7 8 433 276 0,0615
3 5 4 764 92 0.3230 4 5 9 1988 1891 5 [] [l 684 749 0.5000
3 5 5 2467 2708 0.83u2 4 5 10 1899 1976 6 0 2 1879 2248 0.9845
3 s 6 324 689 0.7a31 4 5 1 1085 1088 6 [ 4 3198 2812 0.3452
3 5 7 870 1187 0.83%9 4 5 13 1667 17%2 ) [ 6 874 715 0.7A00
3 5 8 1044 B85 0.6495 4 6 0 2269 1903 6 0 8 893 959  0.4258
3 5 9 1423 1613 0,9499 4 I3 1 2658 2576 6 ¢ 10 966 833 0.9010
3 s 11 1963 1722 09,8364 4 6 2 2688 2434 6 0 12 792 921 0.3746
3 5 12 1098 1020 0.7487 4 [ 3 26348 2332 6 1 0 904 1568  1.0000
3 6 0 798 719 .00y 4 6 4 1184 1047 6 1 1 893 13617 0,487
3 [] 1 1846 1703 0.5779 4 6 5 1052 118% 6 1 2 1016 1204 0.4476
3 6 2 1701 1456 0,1173 4 6 6 2377 2383 6 1 3 1946 1578 0.8776
3 6 3 657 755 0.2112 4 6 7 1677 1760 6 1 4 3552 2656 0,9382
3 6 4 1234 1203 0.0617 4 6 8 930 1087 5 1 5 992 901 0.3440
3 6 H 1867 1670 0.8451 4 6 9 1321 1202 6 1 6 939 962 0.9184
3 3 Iy 1228 1266 N,1221 4 6 10 1625 1427 6 1 7 1249 1141 0.9145
3 6 7 858 845 0.5130 4 6 11 1431 1381 6 1 8 1057 1077 0.8896
3 3 [ 1634 1698 0.1034 4 7 9 777 816 I3 1 9 403 404 0.4242
3 6 9 1309 1289 0.1762 4 7 1 1658 1728 6 1 10 2055 1655 0.4360
3 6 10 841 867 0,0859 4 7 2 1672 1605 3 1 11 397 685 N.8t16
3 6 11 761 591 0.708% 4 7 4 1492 1397 6 2 0 268 537 1.0000
3 6 12 817 499 0.2075 4 7 5 2540 2486 6 2 1 3326 2675 0.0498
3 7 0 1557 1645  0.8900 4 7 6 1018 939 6 2 2 1500 1435 0.9337
3 7 1 794 760 0.3187 4 7 ? 555 509 6 2 3 2966 2227 .0,4843
3 7 2 791 777 0.2492 4 7 8 1568 1564 6 2 4 7 434 0,4702
3 7 3 960 1008 0.2%88 ) 7 9 1853 1907 6 2 H 2710 2229  0.9490
3 7 4 773 886 0,6297 4 8 0 203 811 6 2 6 300 300 0.6551
3 7 6 1466 1313 N.4adu 4 8 1 903 1002 6 2 7 971 994 0.4148
3 7 7 1400 1355 0.3954 4 8 2 2057 2013 6 2 9 874 AsL  0,87%52
3 7 [ 464, 620 0.0486 4 8 3 516 582 6 2 1 710 896 0,3368
3 7 9 547 673 0.3002 4 8 4 699 519 6 2 13 420 575 0.8639
3 7 10 857 793 0.8769 4 8 5 1079 1040 6 3 0 929 872 0.5000
3 8 d 1685 1629 0.5000 q 8 6 534 784 6 3 1 331 378 0,4287
3 8 1 625 801 0.,8167 5 0 2 3128 3598 6 3 2 732 865  0,8805
3 8 3 935 876 D.4654 5 0 4 863 1087 6 3 3 1616 1281 0,9907
3 : ; 1:;: :gg :Z;;; 5 0 6 462 sat s 3 4 594 476 1.5424

. 5 0 8 2311 1844 6 3 5 951 1023 0.4{14
3 8 7 556 542 ' 0.9455 5 0 10 470 601 6 3 6 508 631 0,9259
3 9 n 187 157 0.9999 5 0 12 834 830 6 3 7 954 914 0.9038
3 9 1 614 564 0,0841 5 ] 14 473 653 3 3 ] 812 1114 0,4A41
3 9 2 712 684 0.0711 5 1 9 1355 1650 6 3 5 736 832 0.4762
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Table 3. Continued.

4 3 10 320 333 0,907 7 1 10 1111 1346 0.6462 7 [ 4 1262 332 n.0a8?
6 s 1 740 786 0.8758 ? 11 1112 1404 0.3416 7 6 s 1246 969 0.8713
1 313 336 419 0.4378 7 112 558 614 0.4553 7 6 6 1130 891  0.11%6
6 4 0 1526 1553 1.0000 7 1 14 437 905  0.8873 7 6 7 793 624  0.4718
6 ‘ 1 336 446 0,920 7 2 ) 530 432 n.8001 7 ¢ ] 1378 1134 0.1177
6 ‘ 2 1289 1240 0.4991 7 2 1 1724 1324 n.8m28 7 7 0 1048 992 0.3000
6 ‘ 3 673 851 0.5138 7 2 2 1653 1510 0.%437 7 v 1 759 689 0.3419
6 ‘ 4 791 955 0.9450 7 2 3 4025 3749 0.7%89 7 7 2 453 517 0.2389
s 4 5 693 643 0.0161 ’ 2 K 1356 1268 0.s461 7 7 3 787 762 0.2573
6 4 6 408 837 0,435 ? 2 5 491 346 0.4079 7 7 4 458 532 0.6499
6 “ 1 365 718 0.8476 7 2 A 728 854 0.5251 8 0 2 1130 1228 0.6079
3 4 9 708 708 0.9407 7 2 7 3409 3470 0.9786 A ] 4 3070 2991 0.0863
3 4 10 298 345 0.3479 7 H 8 656 947 n.6610 8 0 6 1753 1436 0.0n48
4 ¢ 273 389 4336 7 2 9 1547 1636 0.7342 8 0 8 748 601 0.0488
3 5 9 1191 966  0.5000 7 2 10 382 542 0.781% 8 ¢ 19 2469 2573 0.1a53
6 3 1 22 564 0.0180 7. 2 11 586 815 0.0158 8 3 12 1421 1072 0.9458
6 s 2 1368 1234 0.9010 7 2 12 302 579 0.7188 s 1 o 527 661 0.%700
8 5 4 1553 1193 0.4143 7 2 13 1087 1243 0.8992 8 1 1 1334 1765 0.313%
6 s L] 233 329 0.8926 7 3 0 3428 2485 {.0n00 8 1 2 1507 1717 0,847
3 5 s 123 1175 0.9026 7 3 1 1642 1380 0.0424 a 1 3 3106 3297 n.2892
3 5 7 446 0.5043 ? 3 2 1080 876 0.8064 [ 1 4 1570 1653 0,4033
4 s [] 881 864 0.3097 7 3 3 1162 1072 0.8048 8 1 5 1090 97¢  n.te12
3 5 9 283 137 0.9419 7 3 4 2884 3156 n.1407 a 1 6 2114 1988 0.8379
6 s 10 315 481 0.9483 7 3 s 523 799 0.2792 8 1 7 3162 3033 n.4902
6 5 12 324 447 0.4939 7 3 6 2917 2542 0,032 L] i (] 2479 23%2  0.5277
6 & [] 645 527 1.0n00 7 3 7 656 718 0.92%8 8 1 9 1631 1216 0.1094
6 (3 1 938 1058 0.5162 7 3 10 1643 1743 0.1797 a 1 10 1378 204 n,4%26
6 6 2 508 432 0.5243 7 3 12 706 857 0.04%6 8 11 1165 1256 0.8062
3 6 3 387 276 0.0873 7 313 328 s41 0,8A10 8 2 0 733 627 0.5700
[} 6 5 740 622 0.4787 7 4 0 827 606 1,070 8 2 1 3156 3250 0.6074¢
[ [) 6 338 313 0.5n12 7 4 1 1994 1437 0.3n90 8 2 2 631 964  D.5A"B
6 6 7 581 639 0.9899 7 4 2 2982 2179 0.6n59 8 2 3 1484 1799 0.9923
6 6 9 273 394 0.4473 7 4 3 2036 1838 0.2733 8 2 4 853 959 n.5602
3 6 10 178 104 0,3182 7 . 4 2204 1822 0.3897 [ 2 5 2457 2961 0.7969
6 7 0 2717 67 0.9098 7 M 5 528 963 0.3a26 8 2 6 1742 1472 0.5485
6 7 1 478 389 0.9485 7 4 K 921 762 0.8195 8 2 7 1184 1188 0.7%5%
6 7 2 272 288 0.3491 7 M b4 639 736 0.3723 [ 2 11 1533 2000 0.8085
6 7 3 325 298 0.3052 2 4 s 1066 1173 0.8%34 8 3 o 703 991 1.0000
[y 7 5 294 458 0.881% 7 « 9 748 974 0.3053 A 3 2 2148 2448 0.n721
6 ? ? 302 607 0,3092 7 « 10 a3t 0 0.1332 8 3 3 892 1304 0.2450
& ] 1 278 520 0.5304 7 « 11 263 864 0.480% 8 3 4 2456 2507 n.9359
5 [ H 263 412 0,906 2 12 655 1069 0.7771 8 3 5 1907 1850 0.8911
s s 3 3 J21  0.9249 7 s 1 2199 1766 0.6077 8 3 6 1977 1541 1.2v78
7 ] 2 4234 4899 0,0847 7 s 2 2193 1866 .83400 2 3 ] 1872 1933 0.0a22
7 o 4 2137 2046 0.9398 7 5 3 647 636 0.0193 8 “ 0 2798 2853 n.5400
7 0 6 1564 1796 0.2401 7 H M 2049 1766 0.8%45 8 “ 1 1673 1586 0.2024
7 0 [} 3266 3520 h.0932 7 H i 608 556 0.7148 8 4 2 1674 1473 0,101
7 0o 12 1383 1736 0.2%20 7 H ’ 669 745 0.6423 [ 4 3 1183 1223 0.2705
? 0 14 697 1094 0.1246 7 H M sS40 724 n.esne ] 4 H 1949 1630 £.3351
7 1 0 2833 3429 0.8000 7 5 9 886 1041 0.9804 8 5 1 509 1017 n.9140
7 1 1 2937 3487 0.1719 7 5 10 ane 85 0.9746 8 5 2 505 771 03881
7 1 2 879 930 0,293 7 6 H 491 437 1.0m00 8 5 3 2384 1904 0.7934
7 1 3 924 1006 0.4142 2 6 . 1098 966 0.5431 s s 6 879 1250 10,4097
7 1 4 1993 2010  0.8702 7 ¢ 2 1569 1118 0.0a79 2 0 0 6672 3580 1,00y
7 1 3 2493 2548 0.3351 7 5 3 671 685 0.2233 8 0 0 7341 7274 10000
7 1 6 984 1126 0.4018 17 0 ® 609 266 0.5000
7 1 7 1156 1289 0.2069

7 1 9 1360 2063 0.4992

sible to decide which possibility is the correct one. The principal aim of this
investigation was to establish the coordination about the chromium atoms,
which is unaffected by either alternative. Since all other atoms fit the ortho-
rhombic space group and since the structure of the ethylenediamine molecule
is wellknown, the authors have chosen to describe the structure in terms of
the space group Pmc2, with the carbon atoms statistically occupying two
four-fold positions.

Structure refinement. At this stage of the structure determination the
R-value was 0.20. The structure was then refined by the structure factor
least-squares method using all 866 observed reflexions. For each reflexion the
weight w was computed according to w=[1+(|F,|—a)®%2]! with a=50 and
b=40. Anisotropic temperature factors were used for all heavy atoms and
isotropic ones for the light atoms. After about ten cycles the refinement
converged to the parameters given in Table 2, the final E-value being 0.117.

Observed and calculated structure factors are given in Table 3. Calculated
bond distances and angles and their standard deviations are given in Table 4
and some packing distances in Table 5. All bond distances were found to be
within the normal range, thus supporting the correctness of the structure.

The result obtained from the refinement was further checked by calculat-
ing a three-dimensional electron density difference map. This showed only
small residual maxima or minima, the largest maximum having a magnitude
of about 15 9, of the height of a true nitrogen peak in the |F |-synthesis.
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Table 4. Bond distances and angles in the trans-dichloridodiaquoethylenediaminechro-
miwmn(IIT) ion.

Distance e.s.d. Distance e.8.d.
(4) (4) 4) 4)
Cr,—Cl1, 2.32 0.01 Cr;—Cl, 2.32 0.00
Cr,—0, 2.02 0.02 Cry—O0; 2.09 0.02
Cr,—0; 2.04 0.02 Cry—O, 2.03 0.02
Cr,—N, 2.08 0.02 Cry—N, 2.08 0.03
Cr,—N, 2.12 0.02 Cr,—N, 2.04 0.02
N,—C, 1.41 0.05 Ne—C, 1.48 0.07
N,—C, 1.60 0.07 N,—C, 1.48 0.04
C,—C, 1.68 0.06 C,—C, 1.71 0.07
Angle e.s.d. Angle e.s.d
) °) ) ©)
Cl,—Cr,—Cl, 179.3 0.3 Cly—Cr,—Cl, 178.9 0.3
Cl,—Cr,—0, 90.0 0.2 Cly—Cry;—0O4 90.1 0.2
Cl,—Cr,—0,4 89.7 0.2 Cl;—Cry;—0O, 90.5 0.2
Cl,—Cr,—N, 90.0 0.2 Cl;—Cry,—N, 89.4 0.2
Cl,—Cr,—N, 90.3 0.2 Cl,—Cr;—N, 89.8 0.2
0,—Cr,—0, 97.3 0.9 0;—Cr;—0, 96.1 0.8
0,—Cr,—N, 172.2 0.9 0,—Cr,—N, 171.1 0.9
0,—Cr,—N, 90.1 0.9 0;—Cr;—N, 87.1 0.9
0,—Cr,—N, 90.5 0.9 0,—Cr,—N, 92.8 0.9
0,—Cr;—N, 172.6 1.0 0,—Cr;—N, 176.9 0.9
N,—Cr,—N, 82.1 1.0 N,—Cr;—N, 84.0 1.0
Cr,—N,—C, 112.0 2.2 Cr,—N,;—Cs 115.1 2.8
Cr,—N,—C, 109.0 2.1 Cry—N,—C, 112.7 2.0
N,—C,—C, 110.4 3.7 N,—C,—C, 104.1 3.8
N,—C,—C, 103.4 3.7 N,—C,—C, 109.9 3.0

W o2
@ LN —
A /W

Fig. 1. The packing of the ions in trans-[CrCl,(H,0)sen]Cl as viewed along the z-direction.
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Table 5. Packing distances in trans-[CrCl,(H,0),en]Cl. (The first atom symbols refer

to the coordinates given in Table 2. After the second atom symbols stand, within brackets,

the unit cell translations in the @, b, and ¢ directions and after that the number of the

symmetry operation performed on the original coordinates of the atom as given in the
International Tables for X-ray Crystallography Vol. I).

C1,—Cl, (0 0 0)2
—Cl, (0—1 0)1
—Cl, (0 0 0)1
~Cl, (0 0 0)
—Cl, (0—1 0)
~N, (0 0 0)
—N, (0—-1 0
—C, (0—1 0)1

—C, (0 1 0)4
CL—Cl, (1 0 0)2
—Cl; (0 0 0)1
—Cl; (0 1 0)4
~0, (1 1 0)3
~N, (0 1 o)
~N, (0 0 0)
—C, (1 0 0)2
Cl,—0, (0 0 0)1
—0, (0 0 01
—0, (0 0 0)
—~0, (0 0 o)
~C, (1 1-1)3
—C, (0 0 0)
0,—C, (0 0 0)1

418 A
4.47
4.56
3.78
4.08
3.35
3.25
3.46
3.36
4.16
3.95
3.84
3.41
3.39
3.51
3.29
3.28
3.05
3.02
3.17
3.80
3.84
3.31
3.20

DESCRIPTION AND DISCUSSION OF THE STRUCTURE

The crystals of Weinmann’s blue, [CrCly(H,0),en]Cl, consist of dichlorido-
diaquoethylenediamine ions and chloride ions as illustrated in Fig. 1. The
complex ion is shown in Fig. 2. The structure investigation has shown that

Cly

Fig. 2. The complex ion trans-[CrCl,(H,0),en]t.
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the two chlorine atoms of the octahedral complex are situated in #rans posi-
tions. The two water molecules and the two nitrogen atoms of the ethylene-
diamine molecule are situated at the corners of a somewhat distorted square.
These atoms together with the chromium atom lie in a crystallographic
mirror plane.

In the course of the structure determination it became obvious that there
are two possible solutions, one being based on space group Pc and the other
on space group Pmc2;. They cannot be distinguished experimentally. Follow-
ing the arguments given above, the authors have chosen to describe the
structure in terms of space group Pmc2,; instead of Pc. This means that the
two carbon atoms of the ethylenediamine molecule statistically occupy four-
fold positions (half-filled) in such a way that C, and C, are situated on opposite
sides of the mirror planes one way or the other throughout the crystal. The
same statistical manner was also chosen by Stomberg!? in describing
[Cr(0,):(H;0)en](H,0).

The Cr—Cl bond lengths are all 2.32 A which compares well with the
value 2.33 A found by Ooi et al.’® in [CrClyen,]Cl-HCI-2H,0. The distances
between the chromium and oxygen atoms lie between 2.02 and 2.09 A, which
is normal for a Or—Ouater bond; 2.03 A was found in [Cr(O,),(H,0)en](H,0).12
The Cr—N bond distances are 2.04—2.12 A and thus not significantly different,
the mean value being 2.08 A. 2.06 A was found in [Cr(O,),(H,0)en](H,0),:2
2.12 A in both [CrClyen,]CI-HC1-2H,0 and [Cr(O,),(NH,)s] 14 (see also
Ref. 15).

The errors in the positional parameters of the carbon atoms are, as expected,
rather large, the standard deviations being about 0.07 A as compared with
0.02 for nitrogen. The C—C and C—N bond lengths are, therefore, quite
uncertain as well as the angles N—C—C and Cr—N—C but they do not differ
significantly from their normal values.

The two independent N—Cr—N angles are not significantly different, being
82.1° and 84.0°. The value 82.6° was obtained for [Cr(O,),(H,0)en](H,0) 12
and 85.2° for [CrClyen,]Cl-HCl-2H,0 .13
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