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The Crystal Structure of Wiirster’s Red Bromide
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Wiirster’s red bromide (N,N-dimethyl-p-phenylenediamine bromide) crystallizes in the orthorhombic
system with a=6-38, b=22-48, c=621 A; the space group is Cmcm and Z=4. The cation radicals
form a covalent and charge-resonance bonded column parallel to ¢ with interplanar spacing of 3105 A.

The interplanar spacings are all equidistant.

Recently, several investigations have been described on
the electronic properties of crystals containing organic
free radicals, but little consideration has so far been
given to their physico-chemical properties in relation
to the crystal structure. The structure of Wiirster’s rad-
ical is of particular interest from the viewpoint of in-
teraction in crystals, since the covalent and charge-
resonance bonding between the radicals may enhance
the binding, while the ionic force may tend to increase
the repulsion between the radicals. In the present paper
we report the structure of Wiirster’s red bromide (N,N-
dimethyl-p-phenylenediamine bromide):

H]+
N /
/N—<:>—N\H . Br-

The spectroscopic and electronic properties of this cry-
stal will be discussed in a separate paper. An earlier
structure study by Turner & Albrecht (1955) on the
structure of Wiirster’s blue perchlorate has not yet been
published, and, therefore, the present result will throw
light on the structure and the packing of Wiirster’s
radical in the crystal.
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Experimental

The crystal was obtained by the oxidation of the free
amine by bromine and the recrystallization from me-
thanol. In polarized light, the crystal exhibited pleo-
chroism with colours ranging from dark green to pale
green. The maximum absorption of light was found
when the electric vector was parallel to the needle axis.
Two different crystals were used in the X-ray investi-
gation. One 0-2x0-1 x0-06 mm in dimensions, was
mounted about its needle ¢ axis. The second crystal
was cut into a roughly square rhomb and was mounted
along the a axis. Unit-cell dimensions were obtained
from zero-layer Weissenberg photographs about the
principal axes. On multiple-film equi-inclination Weis-
senberg photographs, the intensities were estimated
visually on the layer lines 0-4 about ¢ and on the layer
lines 0-2 about a. Of a total 575 reflexions within the
effective sphere of copper radiation, 471 reflexions

were collected. No corrections were made for absorp-
tion and extinction since both the crystals used were
sufficiciently small.

Crystal data

[(CH;),NC¢H,NH,]*Br~ ,

M=216-1 Orthorhombic,

a=6-38+0-01, h=22:48 +0.04, c=6-21 +0-01 A
at 30°C. ¥'=925-3 A3, Z=4, F(000)=436
CuKoa=1-542 A p=60-02 cm-!

Absent spectra:

hk! when h+k odd
h0! when 4 and [ odd
0kl when k odd

(A00 when 4 odd)

Space group Cmc2,,Cmcm or C2cm.

The crystal density, determined by the flotation
method with a mixture of carbon tetrachloride and
benzene, was 1-58 g.cm—3, while the calculated density
for four molecules per unit cell is 1.61 g.cm™3.

Structure analysis

The space group Cmem was assumed. This was indeed
verified later by intensity calculation. In the space group
Cmem, which has 16-fold general positions, the four
molecules in the cell must occupy the special positions.
In order to satisfy this requirement, the bromine atom
and the twofold molecular axis should be on the (001)
plane and the molecular plane should be perpendicular
to the [001] direction. In addition to this the z coordi-
nates of all atoms in the space group Cmcm should be
0-25, since otherwise there are more than four atomic
positions in the general coordinates.

The coordinates of bromine atoms were found from
the three-dimensional Patterson map, and the posi-
tions of all other atoms were estimated by the minimum
function method. Using these trial coordinates, three-
dimensional least-squares refinement with isotropic
temperature factors was initiated. After several cycles
of refinement the calculated R index became 0-12.
Further refinement was carried out by the full-matrix
least-squares method, in which 39 parameters (11 atom-
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ic coordinates of 8 atoms, 27 anisotropic tempera- Table 2. Observed and calculated structure factors
ture factors) were adjusted. The final R value was 0-108.

The final parameters are listed in Table 1; the observed 200 neo Rieo #e0
. . 2 95.1 111,3 0 59.6 6u4.2 0 48.1 ol 1 4.6 13.8
and calculated structure factors are listed in Table 2. 2078 106 : A B 281 1.9 5260
In Fig.1is shown the electron density in the (001) plane § e .2 271 .7 By A s
H1lo H9o0 w170 2 21l 2.0
at the final stage of the refinement. The absence of L me 177 1 5L7 s 3 1 i e
residual peaks in the Fourier map confirms the present 383 82 g 3§§ e P e 1360 a8
choice of the space group. All calculations were per- H2o 100 s 19.8 %280
. . . 3 21.8
formed at the Computational Center of the University § RS gy g (EIEE o rr oo
of Tokyo by the UNICS program. o 270 2l 5190 g1t
1 92.2 98,
3 514 56.4 H1l10 1 50.6 44,7 .
. 3 %Zg B3 125.3205.6 > “:':0 :o g % 1%2 1;2:{.
Table 1. Atomic parameters H40 3 43 7 e e 2‘;'8 1‘8‘2
. . 84.3 108, o 2 0.2 382 2
Standard deviations are in parentheses. %12&%;5 1328 uizo a0 9.5 lg.g
2.4 33.9 27.3 40.8 304 1
8 10,3 23. 2 439 46.4 1 2b.y 27.0
x y z S baiE B PEH
Br 0-0000 (0) 0-1327 (1) 0-2500 (0) 1 73.6 6.9 2130 B220 31
N(1) 0-0000 (0) 0-5728 (11) 0-2500 (0) 32 B 7 273 ws sz 1§ 82
NQ2) 0-0000 (0) 0-3345 (11) 0-2500 (0) ? 9.8 A1 3y aly 2 2B 20T 3 ﬁig ﬁig
C() 0-0000 (0) 0-5179 (11) 0-2500 (0) E6O B0 H230 u.u N ’
C(2) 0-8106 (33) 0-4847 (8) 0-2500 (0) i 0.y 6.5 W .
c3) 0-8083 (36) 0-4263 (9) 0-2500 (0) poE7oas 2@ md 3l a7 g g
C4) 0-0000 (0) 0-3925 (13) 0-2500 (0) Voo B ED pee
C() 0-8095 (41) 0-2993 (10) ~0-2500 (0) 1 112.0 1049 H1so P o
3T Es 1 8g el A el 63 1Hshazm.e
308 83 3L B3 3 303 w2
Results and discussion
Geometry of the N,N-dimethyl-p-phenylenediamine %61 w1 I -
Cation 0 128,9 133.9 [ 55.8 o . 1
o , . PEiE PEIE e e
The standard deviations in the atomic coordinates 3216 3518 FCIEOH] K21 -
correspond to positional uncertainties of about 0-02 A Lo DT I -3 o2
for all the atoms except bromine. Standard deviations 3 s ;;{; HE S S 3RS B
of interatomic distances, then, are in the vicinity of T 11 - H161 1 me oy iR
. 13, 22,2
0-04 A. The bond lengths and bond angles of the radi- 6. ARy PM? ne2
i i s : 7 83 395 23 K261 38.5 36.
cal cation are shown in Fig. 2. The bond length in the gy SUIBE .wnone §RIRY
benzene ring shows an apparent bond length alter- wo1 2171 nara e
. . 1 . .
nation, which means that the resonance structures: Lo o 3RERE e T
; Z;.g ;Z.% 5 27,5 31.5 Fa281 3 50.2 47.1
7 1918 235 H181 0 16.8 16.1 3 23 153
H3C\ H HiC /H H101 9 B3 2§Z B2
. — Gl B b 2905 22 K02 0 72 0.5
N_—¢ = N+ N+ = N E 29 4% 125 1531 0 225.6 260.4 R
v AN N Y - N 360 280 H191 E%gg,g g ¢ 389 8
—— — Hu1 169 6.1 59.2 €0, H92
H C H H C 2 25, 3 12.3 1.1
: y : 5 " PHB e M imm
(A) (B) 7 35 33 RIS ?s’g 2235 3 83 %
. L. . L. R121 i 2230 2209 oo A
will be the most significant in determining the confor- o g 8 w211 w2z va ok
mation of the radical. Comparison of the bond lengths et yaagas (EIED ;g
between the C(1)-N(1) and the C(4)-N(2) atoms in ¥131 .z 133 32 ¢ z; 27'°
. . . . . B221
Fig. 2 may indicate that structure (4) is slightly more 3RS A3 o a0 as RIS 1ams wms
important than structure (B), but the localization of Peb AL LRI BS G HPel s

Fig. 1. Electron density section on (001) at z=0-25.
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Table 2 (cont.) the positive charge on either N(1) or N(2) atoms is
hardly justified from molecular orbital theory. Accor-

H12 2 Hae 3K5 . . .

27 o7y 3@ i T ;;.; o 1 o 26 ding to the molecular orbital theory the electron is ex-
.6 L2, N N . 6. S . K . . . .
X6 s i § e 82 w1 wd  pected to be removed from the highest occupied orbi-
W1z o e 12 B2 133 i 82 %1 tal. The calculations of the bond orders were made on

. - 3 78.5 77.2 . . . . .
az a2 U7 E 3 oe ey 1w o Jip the free amine molecule and the cation radical by a
1:-' 2 K3 63 > 2"-‘1‘ i’*"’ 2 325 $3 program developed for self-consistent field molecular
14 2 H 14 . . . . .
AR I+ I T O e ; %2 %% orbitals. The results indicate that the bond orders of
M * M : M " 16 10.8 13.5 . .
&8 2 K2y 2 R RO 7 i 4 18168 24 C(1)-N(1), and C(2)-C(3) are increased while C(1)-
17,3 19.2 0 10.5 9.8 g 16,5 16.4 1K6 . . .
w152 $ 182 88 73 413 A C(2) is decreased in the radical, therefore the general
g1 3 w252 R ; 220 4z features of the change in bond lengths can be qualita-
Sioa&3 e g o 53 165 i 23 §2:§ tively explained by the theory (¢f. Fig.3.)
Hae e g 0 257 27 It is interesting to compare the present result with
u6.0 w20, 209 207 9 by 29.3 2 55,7 56, 2K6 S,
3 5 ORI T 5 o B Ot g 5 o 34 g7 that of the charge-transfer complex of N,N,N',N-tetra-
15.7 14, 12,9~ 11.4 o o . . .
- 2"“ L 1o w6 s K173 § .67 %2 methyl-p-phenylenediamine with 7,7,8,8-tetracyano-
22,7 . : : :
.z 94 PTT gg ?;'é ;3; 57 iig quinodimethane analysed by Hanson (1965). In this
Wis 2 K13 3 27y e . 316 complex a partial electron transfer from the amine
L . N .
2383 3 g #103 o 250 26.2 g 1 molecule to the TCNQ is expected, and the bond
e TS gggas L8 AT ?.J% .47 lengths of the amine show an apparent bond alterna-
23 N K 9 5.4 7. . . " . .
93 09 o s e R X O 3152 15 tion as compared with free amine, for instance p-amino-
% 81 2 §§§ g; H13 peos L oe7 phenol (Brown, 1951). The reason for the shorter bond
o o 18. 8.6 . .
H202 R e - S i 3% 12 length in C(1)-N(1) than in C(4)-N(2) may be the
H33 12 10,3 11,
32.9 3.4 5 12,0 10.8 2 25.5 23.5 by 2 3 ¥ 3 . . N
O W 1907 185 w 63 132 intermolecular effect, since the C(1)-N(1) bond is
2.7 193 3 %le 268 1k 7 >, . .
3 %5 2 , s 19, Strongly overlapped with the adjacent benzene rings.
3 %%72 123 The other point to be noted in the structure is that
26 ke N . . .
was Hue . — A the dimethylamino group is perfectly coplanar with the
3383 2 ;§;§ R v I R &3 : oy benzene ring. The situation will be probably the same
W22 AR S S 1 £23 4 16wz 1535 fortheamino group, although this pointis not confirmed
193 160 W5 W13 1 22,6 2u. . 2t ., by the present analysis, which does not include the
12.1 9.5 1 38,9 32.3 1 15.8 1l. R2ub 3 9l5 1 2
W o3 s X R o1 6a g 172;% 193 hydrpgen atoms. Thl'S result. suggests that the pure sp
7.9 7.3 6 B g . § 181 27 hybridization occurs in the nitrogen atoms of the amino
.3 31, . . . . o
;7; 2 2 g 2t ié? iZ:é 0ks and the dlmet.hylarfuno groups, angi th_e conjugation
22 ° . :2' K154 § i ey of the 2pn orbital with the benzene ring is perfect. It is
Hess O R I Rt interesting to compare this result with aniline in the
weo a2 AS R C 1:1; iv:s i gé ?;f‘; vapour phase in which the NH; plane is tilted by 46°
Ho *7*“65 e seg 2 B3 353 to the ring-to-N bond (Lister & Tyler, 1966; Brand,
) W3 46, . . 113
3.3 120.2 2 g;é 9.2 TR I 1x5 Williams & COOk, 1966)
57.4 56,3 ¢ Lt B3 BE18 4 1 62,5 4.9
1 9 K94 30,1 26,0 RN 7 . ;
Ely AT g de 74 dog Packing of the Wiirster radical
%g% %Ea 2 9 e 1194 ;% g?gg EE% The Wiirster’s radicals are in infinite chains separated
ey [R5 ST T by equal distances, the interplanar separation between
P R R 1204 ¢ & %22 the parallel benzene rings being 3-105 A. Although in
. . 5:.:1: .z ﬁ?‘; %g ig ?3% i;;z some charge transfer cpmplex crystqls an interp!anar
ROt e my e spacing of about 3-20 A is known to exist, the value in the
.8 22l 0 150 18 present study is the shortest interplanar spacing among

known structures. The unpaired electron on each radi-
cal will form a covalent bond between the radi-
cals.

The charge-resonance interaction is certainly impor-
tant but the intermolecular binding will be opposed by
a Coulomb repulsion between the positive charges on
the whole molecular cation and by the exchange repul-
sion of the closed shell electrons. The balance of these
several forces will result in a shortening of the inter-
planar separation compared with the usual van der
Waals radii. It is also interesting that the electrostatic
forces between the radical cations and the bromide an-
jon does not seem to play any particular role in the
Fig.2. Bond lengths and angles. binding of the two radical cations. Instead, the covalent

1.313
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and charge-resonance forces of the unpaired electrons
play an important role at such a short interplanar sepa-
ration of 3-2 A.

From the theoretical viewpoint Ooshika (1957) and
Longuet-Higgins & Salem (1959) have shown that the
most stable configuration of an infinite conjugated sys-
tem results when alternation of the interadical bond
distance takes place. Thomas, Keller & McConnell
(1963) argued on this basis that Wiirster’s blue per-
chlorate, intermolecular spacing in which is known to
be equidistant at room temperature, was transformed
to the dimeric form at lower temperature. Such a
transition has not yet been found in the present crystal.

The interatomic distances less than 3-40 A between
the two benzene rings are shown in Fig.4. It is found
that the shortest distance is 3.18 A, and the other dis-
tances are usually longer than 3-20 A. The overlapping
of two radicals is illustrated in Fig.5. It is interesting
that the stacking of molecules occurs in such a way
that one molecule is displaced relatively to the other
and the amino group of one is situated above the
benzene ring of the other. This type of configuration
is often observed in other charge transfer complexes
such as quinhydrone (Matsuda, Osaki & Nitta, 1958;
Sakurai 1965), TCNQ complexes (Fritchie, 1966), and
some benzoquinone complexes (Wallwork, 1961).

The thermal motion of the radical is shown in Fig. 6,
the anisotropic temperature factors of Table 3 being
used. It is apparent that the molecular motion is grea-
test along the out-of-plane direction, except for the C(1)
atom where the out-of-plane motion seems to be steri-
cally hindered by the neighbouring atoms. The rotation
around the molecular axis is also large, while the mo-
tion at the terminal dimethylamino group is
largest. '

Finally the interaction between the bromide anion
and the Wiirster’s cation should be mentioned. The
shortest distance between the bromine and the radical
takes place for N(1)...Br(3-46 A). It is conceivable
that a weak hydrogen bonding may exist here. Another
bromide anion which is coplanar with the radical is
on the other side of it, alongside the dimethylamino
group. The role of those anions in the crystal will be
to make whole ionic lattice neutral, although it has
no particular affinity to the cation radicals.

THE CRYSTAL STRUCTURE OF WURSTER’S RED BROMIDE
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Crystals of L-aspartic acid are monoclinic (P2;) with a=7-617, b=6-982, c=5-142 A, p=99-84°, Z=2.
The crystals are often more or less twinned. The structure was solved in the 40/ projection by the Patter-
son vector shift method. The structure was refined with 602 diffractometer k! data to a final R value of
0:04. The molecules are in the zwitterionic form. A rigid three-dimensional network of intermolecular

‘hydrogen bonds’ is found.

Introduction

As one of the group of naturally occurring a-amino-
acids, L-aspartic acid is a very important compound.
However, the molecular structure had not previously
been determined.

A few questions arise with respect to this structure:

(1) Is there a planar carbon skeleton or is the skeleton
non-planar as in L-asparagine?

(2) Is the structure zwitterionic as in other a-amino-
acids?

(3) Is there evidence for an intramolecular hydrogen
bond or are all the hydrogen bonds of the common
intermolecular type? (In so far as we may speak of
hydrogen bonds between charged groups.) The pur-
pose of this study is to answer these questions and to
present an accurate set of molecular parameters for
the crystalline state.

Experimental

The sample used was from Fluka A.G.Buchs S.G.
(puriss.). Crystals were obtained by slow evaporation
of an aqueous solution at room temperature.

The cell constants have been reported as (Bernal,
1931): a=15-1, b=69, c=5'1 A, f=96°, space group
P2,, Z=4. These data were roughly confirmed by os-
cillation photographs. Weissenberg photographs, how-
ever, showed very strange extinctions: for A=odd and
I=even all reflexions were absent. Also, different crys-
tals showed very big relative intensity differences; it
appears that twinning occurs in different degrees. The
geometric twinning condition fulfilled in this case is that
the diagonal of the a—c plane is equal to the a unit-cell
dimension (both according to Bernal’s cell dimensions).
The twinning situation is shown in Fig. 1.

The common reciprocal axis of the two lattices is a*,
the double cell according to Bernal is shown as the
reciprocal ‘cell’ ABCD. The extinctions are easily seen
in this Figure. The conclusion is that the cell dimension
a should be halved, consequently Z=2 with only one
molecule in the asymmetric unit. We tried to find an
untwinned crystal, and a crystal that was nearly un-
twinned was found and was used throughout this struc-
ture determination.

As for [ odd, the reflexions from the two lattices are
seen separately and the degree of twinning can be
measured from these reflexions. This was done on an
hOl Weissenberg diagram with the only two of these
reflexions which were strong enough to be seen in both



