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Abstract 

C4H12N+.CI2N~ undergoes a transition at 364 K from 
triclinic phase II to monoclinic phase I as the 
temperature increases. M r = 302-32. Phase II, P i  with 
a = 1 1 . 4 7 3 ( 3 ) ,  b =  12.002 (3), c = 6 . 8 1 1 ( 2 )  A, t~= 
104.55 (2), f l=  101.40 (2), y =  67.85 (2) ° , V =  
835.1 (7) A 3, z = 2, D,n = 1.19 (2), D x = 
1.202 Mg m -3, 2(Mo K~) = 0.71073 A, /z = 
7.35 mm -z, F(000) = 314 e, T =  294 K, wRin t = 
0.0137 for 4897 Fro, with final wR = 0-0218 for 2140 
independent averaged F2m _> 2tr(F2m). Phase I, C2/m with 
a = 1 9 . 7 6 0 ( 1 3 ) ,  b = 1 3 . 1 9 5 ( 7 ) ,  c = 6 . 9 1 3 ( 6 ) A ,  fl 
= 106.63 (6) ° , V =  1727.1(36) A 3, Z = 4 ,  D~= 
1.163 Mg m -a, 2(Mo Kct) = 0.71073 A, /z = 
7 .11mm -l, F (000)=  628 e, T = 3 8 8 K ,  wRi,t= 
0.0234 for 2614 Fro, with final wR = 0.0317 for 599 
independent averaged F2m > 20(F2m). The hexacyano- 
cyclopropanide anion at 294K is planar, within 
+0.024 A, and is close to 3m symmetry. The C - C  
bond distance in the cyclopropanide ring is 1.402 (3) A, 
with Cring-Cmethy lene  = 1.367(2), Cmethylene-Ccyano = 
1.418(5) and C - N =  1.145(3)A.  In the cation, 
N - C H 3 =  1.418 (32)A for phase II. Corresponding 
distances for phase I are 1.391 (5), 1.363(17), 
1.414 (8), 1.139 (6) and 1.286 (72)A respectively. 
Short N . . .N  contacts of 3.189 (3) and 3.256 (3)A, 
inclined respectively at 4.4 (1) and 0.4 (1) ° to the anion 
plane, form between radical anions. The radicals also 
form stacks, normal to the anion plane, with re-electron 
overlap between alternating pairs resulting in separa- 
tions of only 3.24 A; these pairs are connected by 
normal stack distances of 3 .44A.  Together, the 
near-planar and in-stack contacts result in puckered 
sheets of strongly linked radical anions in phase II. 
Magnetic exchange interactions between the radical 
anions give quasi-two-dimensional antiferromagnetic 
spin coupling at low temperatures. Above the transition 
temperature, the in-stack coupling decreases as the 
zc-electron overlap contacts increase in length by about 
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0-1 A. The short N . . .N  contacts close to the molec- 
ular plane remain unchanged in phase I, resulting in a 
quasi-one-dimensional array. As the magnetic order 
along the column direction decreases, the remaining 
exchange interactions result in the paramagnetism of 
phase I. 

Introduction 

A magnetic and structural phase transition at 363.7 K 
has been found in [(CHa)4N]+.[C3{C(CN)2}3 ]- (here- 
after HCTMCP-  for the anion), a material first 
synthesized as an intermediate in the search for a purely 
organic ferromagnet (Abrahams, Bair, DiSalvo, Marsh 
& Deuring, 1984). The magnetic susceptibility tempera- 
ture dependence is indicative of a strong magnetic 
coupling between spins associated with the HCTMCP-  
radical anion [see (I)1. 

C(CN)z 
(NC)zC'~C(CN)?. 

(D 

The coupling was postulated to be primarily anti- 
ferromagnetic below and paramagnetic above the phase 
transition, which was found to be reversible with an 
identical lambda-type specific-heat anomaly observed 
on both heating and cooling. The triclinic symmetry 
below 363 .7K transforms to monoclinic symmetry 
above as the unit-cell volume exactly doubles, within 
experimental error. Unlike the recently synthesized 
organic salts of tetramethyltetraselenafulvalene 
[(TMTSF):,X], X =  AsF 6, PF6, C10~, ReO~ (Morten- 
sen, 1982; Pouget, Shirane, Bechgaard & Fabre, 1983; 
Rindorf, Soling & Thorup, 1982), which develop 
antiferromagnetism below 10K and become super- 
conducting near 1 K, [(CH3)aN]+.HCTMCP- is highly 
resistive, indicating the spins to be localized on each 
molecule. 

© 1988 International Union of Crystallography 
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The structural changes from low-temperature 
phase II to high-temperature phase I in 
[ (C H 3)4 N ] +. HC TM C P- and the resulting relationships 
to the magnetic properties in the two phases, also 
referred to throughout this paper as antiferromagnetic 
and paramagnetic respectively, are presented here- 
under together with the structure of both phases. 

Experimental  

The synthesis of [(CH3)4N]+.HCTMCP -, the growth 
and habit of the very deep reddish-purple crystals, and 
the results of chemical analysis have been given by 
Abrahams et al. (1984), together with the lattice- 
parameter variation in the temperature range 294 to 
407 K. The Laue symmetry of phase II is 1, that of 
phase I is 2/m. Crystal data for phase II at 294 K and 
for phase I at 388 K are given in the Abstract. There are 
no systematic absences in phase II: the only absences 
for phase I are in hkl for h + k =  2n + 1. The 
monoclinic unit cell of phase I is related to the triclinic 
cell of phase II by the matrix transformation 110/ 
i l0/001.  

Integrated intensity measurements for phase II were 
made on a crystal with dimensions 0.146 x 0.123 × 
0.112mm bounded by {001}, {010} and {100} and 
mounted on a Pyrex capillary in an Enraf-Nonius 
CAD-4 diffractometer controlled by a PDPll /24-8e 
minicomputer under Enraf-Nonius (1982) software. 
Radiation was Mo K~t from a graphite monochromator 
with 09-20 scan range of 0 . 8 5 ° +  0.35°tan0. Back- 
grounds were estimated by extending the scan 25% on 
either side of the peak, with maximum time of 240 s per 
reflection. All reflections with - 16 _< h < 16, - 16 < 
k < 16, - 1 0  < l < 10 and (sintT)/2 _< 0.7035 A -~ were 
measured. Six standard reflections were measured every 
6 h. Variations among the standards ranged from 1.2 to 
2.4%. A linear isotropic decline in the integrated 
intensities was determined by the method of Abrahams 
& Marsh (1987), with It=Io[1-O.OOOO58(2)t] where 
I t i s  the integrated intensity at th and I 0 is the corre- 
sponding value at zero exposure. The maximum decline 
due to radiation damage is hence about 2.51% over the 
433 h of measurement. D m determined pycno- 
metrically. 12003 reflections were measured, of which 
4897 were greater than 2 e.s.d, based only on counting 
statistics. Following correction for Lorentz, polariza- 
tion, absorption (transmission factors were in the range 
98.83 to 98.84%) and radiation-damage effects, the 
resulting 2151 FZm > 2trF2m averaged Friedel pairs had 
Rin t = 0.0165, wRin t -- 0"0137 excluding 11 outlier 
pairs, and gave a moderately linear ~m normal 
probability plot (Abrahams & Keve, 1971) with 
5~'(t~m) = 0.65 and zero intercept. 

Crystal dimensions for phase I intensity measure- 
ments were 0.103 x 0.093 × 0.091 mm, corre- 
sponding to a morphology bounded by {001 }, {110} 

and {i10}. This crystal was mounted in a micro- 
furnace (Lissalde, Abrahams & Bernstein, 1978) on the 
CAD-4 diffractometer, operated as for phase II and 
with a temperature stability of +0.25 K. All reflections 
with - 1 9 < h < 1 9 ,  - 1 3 < k < 1 3 ,  -6_<l_<6  and 
(s in0) /2<0.4812A -l were measured. The six stan- 
dards suffered a linear decrease with exposure: the total 
isotropic decline, determined as for phase II on all 
reflections measured, is given by I t = 
I0[1-0.00032(1)t], for t in hours. The maximum 
exposure was 236 h, for a maximum correction of 
about 5.2%. 3902 reflections were measured at 388 K, 
with 2614 greater than 2 e.s.d. (counting statistics), 
giving 616 symmetry-independent F2~ _> 2OF2m: exclud- 
ing 17 outliers, R i n  t = 0.0292, w R i n  t = 0.0234. The ~rn 
plot was rather more linear than was that at 294 K, 
with Y(~m) = 0.95 and intercept of nearly zero. 

Standard deviations (itEm) in the averaged indepen- 
dent structure factors were derived by a variation of 
Abrahams, Bernstein & Keve's (1971) method in which 
tr2F2m is taken as the greater of V~ or V 2, where V~ is the 
internal variance calculated from differences among the 
members of a form (two in phase II, four in phase I) 
and V 2 is the sum of the variances due to counting 
statistics, absorption and replication variations in the 
standards. WF2m = 1/a2(F2m). 

Structure determinat ion and ref inement  

Repeated attempts to solve the structure of phase II by 
symbolic addition, using MULTAN78 (Main, Hull, 
Lessinger, Germain, Declercq & Woolfson, 1978), were 
unsuccessful. The relatively short c axis and location of 
inversion centers in the unit cell together with the 
expected shape of the HCTMCP- radical anion favored 
the possibility that the latter would not be far from 
positions midway between inversion centers with the 
anion plane oriented approximately normal to c. An 
idealized version of the HCTMCP- radical anion was 
hence placed at each such location and its orientation 
and position refined by the method of least squares, in 
which rotation and translation only of the rigid group 
was permitted. A minimum in R (at 0.27) was found 
only for the anion center located at 0, 0, ~ and ½, 0, 3: all 
other locations gave R > 0.5. A difference Fourier 
series based on the refined model gave the C- and 
N-atom positions of the [(CHa)4N] + cation. Cal- 
culations were initially made on the PDP11/24 mini- 
computer with the ORFLS-4 (Busing, Martin & Levy, 
1973) and FORDUP Fourier series (Lundgren, 1982) 
programs and subsequently on our VAX 11/750 super- 
minicomputer with a locally modified and expanded 
version of ORFLS-4 and a locally written Fourier- 
series program, using atomic scattering factors from 
International Tables for X-ray Crystallography (1974). 

The locations of the methyl-group H atoms were not 
apparent in subsequent difference Fourier series, hence 
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Table 1. Atomic positional parameters and equivalent 
isotropic thermal parameters (A) 

Ueq is the r.m.s, radial displacement amplitude. 

x y z Ueq 
Phase II (294 K) 
C(1) 0.4971 (1) 0.0243 (1) 0.7524 (2) 0-21 (3) 
C(2) 0.6173 (1) 0.0289 (1) 0.8365 (2) 0.21 (3) 
C(3) 0.5132 (1) 0.1380 (1) 0.8288(2) 0.21 (2) 
C(4) 0.4188 (1) -0-0415 (1) 0.6631 (2) 0.22 (2) 
C(5) 0.7433 (1) -0-0265 (1) 0.8929 (2) 0.23 (2) 
C(6) 0.4663 (1) 0.2631 (1) 0.8698 (2) 0.23 (1) 
C(7) 0.2879 (2) 0.0176 (1) 0.6116 (2) 0.23 (2) 
C(8) 0.4658 (1) -0.1714 (l) 0.6241 (2) 0.23 (2) 
C(9) 0-7990 (I) -0.1567 (2) 0.8596 (2) 0.25 (3) 
C(10) 0.8184 (1) 0.0467 (2) 0.9866 (2) 0.25 (4) 
C(11) 0.5496 (2) 0.3292 (1) 0.9635 (2) 0-25 (3) 
C(12) 0-3360 (2) 0.3283 (1) 0.8164 (2) 0.24 (2) 
N(I) 0.1820 (1) 0-0654 (I) 0.5680 (2) 0.29 (4) 
N(2) 0.5035 (1) -0-2767 (I) 0.5896 (2) 0.28 (4) 
N(3) 0.8414 (l) -0.2616 (l) 0.8323 (2) 0.30 (5) 
N(4) 0.8742 (1) 0.1109 (2) 1.0617 (3) 0.31 (7) 
N(5) 0.6205 (2) 0.3777 (1) 1.0380 (3) 0.30 (7) 
N(6) 0.2311 (i) 0.3788 (I) 0.7731 (2) 0.29 (5) 
N(lc) 0.8486 (6) 0.3615 (5) 0.6206 (7) 0.23 (2) 
C(lc) 0.9200 (7) 0.3624 (7) 0.4663 (11) 0.39 (7) 
C(2c) 0.8508 (8) 0.2424 (8) 0.6118 (15) 0.42 (9) 
C(3c) 0.7202 (6) 0.4408 (7) 0.5981 (l 1) 0.40 (11) 
C(4c) 0.9061 (9) 0.4022 (10) 0-8090 (14) 0.45 (14) 

Phase I (388 K) 
C(l) 0.5118 (2) 0 0.7578(5) 0.27(4) 
C(2) 0.5748 (1) 0.0527 (2) 0.8348 (3) 0.28 (3) 
C(4) 0.4396 (2) 0 0.6689 (5) 0.29 (4) 
C(5) 0-6113 (2) 0.1413 (2) 0.8801 (4) 0.30 (1) 
C(8) 0.4016 (2) 0.0918 (3) 0.6240 (5) 0-32 (5) 
C(9) 0.5777 (2) 0.2362 (3) 0.8393 (5) 0.33 (2) 
C(10) 0.6855 (2) 0.1373 (2) 0.9710 (5) 0.33 (4) 
N(2) 0.3699 (2) 0.1644 (3) 0.5858 (6) 0.38 (7) 
N(3) 0.5495 (2) 0.3127 (3) 0.8047 (5) 0.38 (7) 
N(4) 0.7448 (2) 0.1303 (2) 1.0437 (6) 0.39 (9) 
N(lc) 0.8595 (8) 0 0.624 (3) 0.29 (3) 
C(lc) 0.8910 (18) 0 0.496 (4) 0.56 (15) 
C(2c) 0.8147 (7) 0-0793 (11) 0.593 (3) 0.57 (18) 
C(4c) 0-8999 (17) 0 0.796 (3) 0.56 (16) 

they were placed at three corners of  a regular  
te t rahedron with the methyl  C atom at the fourth and 
assumed initially to rotate  freely about  the te t rahedron 
axis, with scattering given by a Bessel function. The 
C - H  distance was taken as 0.95 A and the H - C - H  
and H - - C - N  angles as 109.47 °. The fit improved on 
modifying the model to allow for hindered rotat ion by 
these H atoms,  and further improved slightly (signifi- 
cantly,  at the 0 .005 confidence level) for partially 
hindered rotation. Final  a tomic coordinates,  based on 
anisotropic thermal  parameters  for all anion a toms but 
allowing the cation N a tom and C H  3 groups to undergo 
anharmonic  vibration to fourth order,  with correction 
for anisotropic extinction based upon Becket & 
Coppens '  (1975) formalism,  are given in Table 1.* The 

* Lists of structure factors, anisotropic thermal parameters with 
anharmonic tensor coefficients and anisotropic extinction co- 
efficients for phases I and II have been deposited with the British 
Library Document Supply Centre as Supplementary Publication 
No. SUP 44638 (37 pp.). Copies may be obtained through The 
Executive Secretary, International Union of Crystallography, 5 
Abbey Square, Chester CH 1 2HU, England. 

extinction correction corresponded to a mosaic  aniso- 
t ropy with Z u ranging from 22.8 (4) to 19.7 (6) l~m: 
improved robustness  in least-squares refinement resul- 
ted on varying the squared ra ther  than the usual 
ext inct ion-parameter  function. A significant decrease in 
wR ( ~ 4 . 5 % )  accompanied  the change from isotropic to 
anisotropic extinction. The max imum resulting extinc- 
tion correction was  33 .0%,  in F(221) .  The residual 
electron density in the anion plane as given by the 
difference Fourier  series at this stage suggested the 
presence of  a small anionic disorder component  that  
was rotated about  60 ° from the principal component .  
Refinement showed that  the disorder component  was 
about  1.09 (10)% of  the complete anion: the resulting 
improvement  in wR ( ~ 0 . 7 % )  was sufficient not to 
reject the disorder hypothesis  at the 0 .005 significance 
level. It m a y  be noted that  the refined center position of  
the H C T M C P -  radical  anion is located only about  1 A 
from the position assumed for the model,  also that  the 
normal  to the anion plane is inclined at 11.8 ° to e, in 
contras t  to the assumed parallel orientation. The anion 
a tom labelling is given in Fig. 1. 

Locat ion of  the anion in phase I was deduced from 
t h a t  in phase II by assuming the minimum atomic 
displacements for coincidence between the mirror  
planes in C2/m and that  normal  to the H C T M C P -  
anion. Refinement thereafter  followed as for phase  II. A 
correction for anisotropic rather  than isotropic extinc- 
tion was again found necessary,  with final Z ,  ranging 
f rom 25 (1) to 14 (3)lam. The max imum extinction 
correction for phase I was 3 3 . 7 %  in F(202) .  The largest  
ratio of  shift to e.s.d, in C or N atomic coordinate  was  
0 .39  for N(5)  in phase II and 0.01 in phase I for the 
final refinement cycle. Final  refinement indicators 
(on F)  are R = 0 . 0 3 3 4 ,  wR = 0 .0218,  S = 1.518 for 
phase II based on 2140 reflections with F2m >_ 2oFEm and 
R = 0 . 0 3 3 1 ,  w R = 0 . 0 3 1 7 ,  S = 1 . 7 7 9  for phase I 
based on 599 reflections with F2m > 2oF2,n . Both f i r  plots 
corresponding to the final models for phases  I and II 
were rather  linear with zero intercepts and nearly 

N(2)~ / ~  N(I) 
C(8) ~ C ( 7 )  

c('°~)i ~ ~c(,,~ 
Fig. I. [(CH3)4N]+.I-ICTMCP -. Atomic labelling and thermal 

ellipsoids at 50% probability for the radical anion at 294 K 
(Johnson, 1976). 
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Table 2. Intraionic bond lengths (A) and angles (o) in 
(CH3)4N+.HCTMCP - 

294 K 388 K 
Phase II Phase I 

C(1)-C(2) 1.400 (2) 1.391 (5) 
C(2)-C(3) 1.405 (2) 1.391 (6) 
C(3)-C(I) 1.400 (2) 
C(1)-C(4) 1.370 (2) 1.383 (6) 
C(2)-C(5) 1.366 (2) 1.353 (5) 
C(3)-C(6) 1.365 (2) 
C(4)-C(7) 1.412 (2) 
C(4)-C(8) 1.416 (2) 1.412 (4) 
C(5)-C(9) 1.423 (2) 1.407 (5) 
C(5)-C(I0) 1.412 (3) 1.422 (5) 
C(6)-C(I l) 1.422 (2) 
C(6)-C(12) 1.423 (2) 
C(7)-N(I) I. 146 (2) 
C(8)-N(2) 1.149 (2) 1.133 (5) 
C(9)-N(3) 1.146 (2) I. 145 (5) 
C(10)--N(4) 1.144 (3) I. 139 (5) 
C(I 1)-N(5) I. 142 (3) 
C(12)-N(6) I. 141 (2) 
N(lc)-C(lc) 1.459 (l l) 1.216 (41) 
N(lc)--C(2c) 1.406 (12) 1.348 (17) 
N(lc)-C(3c) 1.424 (8) 
N(lc)--C(4c) 1.383 (10) 1.230 (24) 

C(1)--C(2)--C(3) 59.9 (I) 60.0 (2) 
C(2)-C(3)-C(1) 59.9 (1) 60.0 (2) 
C(3)-C(1)-C(2) 60.2 (1) 60.0 (2) 
C(2)--C(1)--C(4) 150.5 (1) 150.0 (2) 
c(3)--c(I)-C(4) 149.3 (1) 150.0 (2) 
c(1)-c(2)-c(5) 151.7 (1) 150.9 (3) 
C(3)--C(2)-C(5) 148.4 (1) 149.1 (2) 
C(1)--C(3)-C(6) 151.3 (1) 150.9 (3) 
C(2)--C(3)-C(6) 148.8 (1) 149.1 (2) 

identical slopes. The largest features in the final 
difference Fourier series are +0.11 e A -3 for phase II, 
_+0-10 e/~-3 for phase I. The arrangement of cations 
and radical anions in both phases is shown in Fig. 2. 

Amplitudes of vibration 

The r.m.s, radial amplitude of thermal vibration ~ for 
each atom in both phases is given in Table 1. The 
amplitude of all anion C atoms is rather constant in 
phase II with an average of 0.23 (2)A,  the terminal 
cyano N atoms having a larger but also constant 
average amplitude of 0 . 3 0 ( 1 ) A .  These radial am- 
plitudes increase significantly in phase I at 388 K to 
0- 31 (2) A for the anion C atoms and 0.3 8 (1) ,/k for the 
cyano N atoms. A larger increase in the average cation 
methyl-C-atom amplitude occurs, from 0.42 (2)A in 
phase II to 0.57 (1) A in phase I. All atoms inthe anion 
undergo anisotropic displacements, with the largest 
anisotropy exhibited by the cyano N atoms: e.g. N(4) 

~3 = 0 . 3 8 ,  u ~ = 0 . 2 5 A  at 2 9 4 K  and 0.49, has aa t 
0.31 388 K. Greater anisotropy is found on the 
cation C atoms, with C(4c) having U33=0.57, Ull 
= 0.30 A at 294 K and 0.74, 0.38 A at 388 K. Highly 
significant improvement in the value of wR is obtained 
by substituting anisotropic for isotropic thermal param- 
eters in the refinement model, and further improvement 

is gained on adding anharmonic coefficients to fourth 
order in phase II and third order in phase I. 

Intraionic connective geometry 

The bond lengths in both phases of the H C T M C P -  
radical anion, given in Table 2, are of intrinsic interest 
since the present study provides one of the first 
measurements of the trimethylenecyclopropanide ion 
dimensions. The comprehensive survey of nearly 300 
cyclopropane derivatives by Allen (1980) contained 
only one example of a trimethylenic substituted cyclo- 
propane, triisopropylidenecyclopropane (Dietrich, 
1970), in which the average Crirlg--Cring distance is 
1.451(11),  C = C  is 1 .333(1)  and C-Cmethyl is 
1.496 (1 1),/k. The Cring-Cring distance in phase II of 
1.402 (3),/k {the e.s.d, of the average x = 1/n ~7=lxi is 
taken as [ 1 / ( n - l )  ~ i~l (xi-ic) 2]1/2 } is very significantly 
shorter than that in triisopropylidenecyclopropane, 
which provided the shortest distance found in Allen's 
(1980) survey. By contrast, the mean Cring-Cring 
distance in cyclopropane with only C(sp 3) or H as 
substituents is given by Allen (1980) as 1.508 (3)/~. A 
very recent report by Ward (1987) on donor-acceptor  
complexes with H C T M C P  n- as anion gives an average 
Cring--Cring distance of 1.387 (8)A in five complexes 
for which n =  1 or 2, in good agreement with our 
present results. Introduction of the unpaired electron 
associated with the radical ion into the cyclopropane 
ring is expected to result in a shorter C - C  distance, 
owing to the contribution of components such as those 
shown in Fig. 3 to the ground state of H C T M C P - .  

b ("k_ a 

(a) 

(b) 

Fig. 2. (a) Content of unit cell for phase II at 294 K. (b) Content of 
unit cell for phase I at 388 K, with molecular orientation 
comparable to that in (a). 
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The cyclopropanide-ring distance of 1.402 (3)/~ in 
phase II may also be compared with the corresponding 
ring distance of 1.373 (5)It  reported in sym-triphenyl- 
cyclopropenium perchlorate by Sundaralingam & 
Jensen (1966), since the bonding character of both 
anion and cation rings may be represented as fully 
delocalized. The cyclopropanide-ring distance may 
further be compared with the localized C - C  distance of 
1 .416(7)A and C=C distance of 1.341 (8)/~ in 
di-p-tolylbis(trifluoromethyl)triafulvene (Ammon, Sher- 
rer & Agranat, 1977): the average 1.391 (8)/~, in the 
latter three-membered ring is not significantly different 
from either our present value or that of Ward (1987). 
The Cring-Cmethylene distance in phase II of 1.367 (2)/~, 
is closer to that of a double bond [Sutton (1965) gives 
C=C = 1.335/~], as expected from Fig. 3, than the 
1.387 (11)A distance reported by Ward (1987). The 
C=N bond length of 1.145 (3)/~ in phase II does not 
differ significantly from the 1. 130 (24)A found by 
Ward (1987), the 1. 151 (4) tt  C=N distance reported 
in the tetracyanoquinodimethane (TCNQ) radical 
anion by Kistenmacher, Phillips & Cowan (1974) or 
the I. 141 (5) A distance in the same anion of a different 
salt studied by Jaud, Chasseau, Gaultier & Hauw 
(1974). The nominally single Cmethylene-Ccyan o bond of 
length 1.418 (5)A is not significantly different from 
that reported by Ward (1987) for HCTMCP n- of 
1.420 (1)A. The HCTMCP-  radical ion in phase II 
is close to planar, with no deviation from the mean 
plane greater than 0.024 (1)/~ [by N(2) and N(3)]. 
The equation of the least-squares fit to the 
mean anion plane, in triclinic crystal coordi- 
nates, is-0.01834 (2)X+ 0.00026 (1)Y+ 0.13371 (1 )Z-  
0.009954 (3)= 0. Average distances within the anion 
of phase I at 388 K, see Table 2, are not significantly 
different from those in phase II at 294 K although 
all are systematically smaller due to the increased 
amplitudes of thermal motion, see above. 

The tetramethylammonium ion geometry in phase II 
appears normal, for all atoms assumed to undergo 
harmonic thermal vibrations, with C - N  = 
1.488 (18),/t and C - N - C  = 109.5 (1.6)°: however, 
the addition of anharmonic terms gives the bond lengths 
in Table 2, with average C - N  = 1.418 (32)/~ and 
C - N - C  angle of 109.5 (1.7) °. The foreshortening of 
the C - N  distance at 294 K is hence a function of the 
thermal-motion description that becomes more pro- 

nounced at 388 K. At this temperature, the C - N  
distance has an average value of only 1.286 (72)A. 
The standard C - N  length is 1.479 (5)A (Sutton, 
1965), with regular tetrahedral angle of 109.5 o. 

Structural rearrangement at the phase transition 

The atomic coordinates determined for phase II at 
294 K, see Table 1, may be transformed to have an 
orientation comparable with those in the phase I 
monoclinic unit cell as given in Table 3. A pseudo- 
mirror plane relationship is thereby revealed in which 
some atoms have y '  coordinates close to zero and other 

t ¢ ~ t atoms form related pairs with Xl~_X'2, Y l - - Y 2 ,  
z~' ~_z 2.' A new set of coordinates x " y " z "  can 
thereupon be derived in which the incipient mirror plane 
at y "  = 0  becomes fully operational. These coordi- 
nates may be regarded as precursors to those deter- 
mined in phase I at 388K, although the crystal 
symmetry at 294 K is triclinic and hence the x " y "  z "  
set does not in fact exist. Nevertheless, it is of interest to 
note that the displacements required at 294 K in order 
to impose mirror symmetry on the triclinic atomic 
coordinates range from 0.12 to 0.37 A for the anion 
and from 0.03 to 0.51,/k for the cation (see A in 
Table 3). 

The atomic displacements necessary to transform the 
structure at 294 K into that at 388 K may be obtained 
directly from the differences between the x ' y ' z '  set of 
Table 3 and the experimental set for phase I in Table 1, 
assuming identical lattice constants for both sets. These 
displacements, which range from 0.12 to 0.35/~ for the 
anion and 0.11 to 0.53/~, for the cation, are closely 
comparable to the displacements between x'y 'z '  and 
x " y " z "  in Table 3. Displacements between the 
precursor coordinates x " y " z "  at 294 K and those in 
phase I at 388 K are considerably smaller, ranging from 
0.02 to 0.05/~ for the anion and 0.08 to 0.21/~, for the 
cation. It may hence be inferred that the major 
rotations in the [(CH3)4N] + and (HCTMCP)- ions 
occur as the crystallographic mirror plane develops, 
with much smaller rotations ensuing at higher tempera- 
tures. Such a model is also consistent with the 
lattice-constant temperature dependence, see Abrahams 
et al. (1984). The total rotation by the cation between 
298 and 388 K is about 16.5 ° as the anion rotates 
about 5 o in its own plane and a further 3 o out of plane. 

NC CN NC CN 

CN CN CN CN 

Fig. 3. Contributions to ground state of HCTMCP- radical anion. 

HCTMCP-  radical anion array at 294 K 

The combination of symmetry operators and number of 
HCTMCP-  radical anions in the triclinic and mono- 
clinic unit cells requires that all anions in either phase be 
parallel. The arrangement of anions in phase II is 
characterized by two sets of close contacts: one set of 
interactions is oriented close to the anion plane, the 
other is nearly normal to the plane. The arrangement of 
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Table 3. Transformed phase II coordinates at 294 K, corresponding set with mirror symmetry, and displacement 
between sets 

x'  = (x + y + ½)/2, y '  = (x -- y - ½)/2, z'  = z, see Table 1 for xyz  coordinates in phase II. Atoms with y '  _ 0 have y "  = 0. Pairs of  atoms 1 
and 2 with x'~ ~_ x~, y~ ~_ -y~,  z'~ ~_ z~ have x "  = (x'~ + x9/2, y" = +(.v'~ -y9/2 ,  z" = (z'~ + z9/2. zl is the displacement between an atom at 
x ' y ' z '  and x " y " z " ,  based on the transformed unit cell with a ' =  19.481, b ' =  13.109, c' = 6 . 8 1 1  A, Q' = 9 3 . 2 7 ,  ~ ' =  105.74 and 

= 92.78 ° obtained by a' = a + b, b' = - a  + h, ¢' = c. 

x '  y '  z '  x "  y "  z "  A (A) 
C(1) 0.5107 -0.0136 0.7524 0.5107 0 0.7524 0-178 (4) 
C(2) 0.5731 0.0442 0.8365 0.5744 0.0533 0.8327 0.126 (4) 
C(3) 0.5756 -0.0624 0.8288 0.5744 -0.0533 0.8327 0.126 (4) 
C(4) 0.4387 -0.0199 0.6631 0.4387 0 0.6631 0.260 (4) 
C(5) 0.6084 0.1349 0.8929 0.6116 0.1417 0.8814 0-143 (4) 
C(6) 0.6147 -0.1484 0.8698 0.6116 -0.1417 0.8814 0.143 (4) 
C(7) 0.4028 -0.1149 0.6116 0.3999 -0-0917 0-6178 0.313 (4) 
C(8) 0.3972 0.0686 0.6241 0.3999 0.0917 0.6178 0.313 (4) 
C(9) 0.5712 0.2279 0.8596 0.5767 0.2370 0-8380 0.238 (4) 
C(10) 0.6826 0.1359 0.9866 0.6860 0.1378 0.9750 0.119 (4) 
C(l 1) 0.6894 -0.1398 0.9635 0.6860 -0.1378 0.9750 0.119 (4) 
C(12) 0.5822 -0.2462 0.8164 0.5767 -0.2370 0.8380 0.235 (4) 
N(1) 0.3737 -0.1917 0.5680 0.3686 -0.1659 0.5788 0.365 (4) 
N(2) 0.3634 0.1401 0.5896 0.3686 0.1659 0.5788 0.365 (5) 
N(3) 0.5399 0.3015 0.8323 0.5474 0.3127 0.8027 0.316 (4) 
N(4) 0.7426 0.1317 1.0617 0.7458 0.1301 1.0498 0.117 (4) 
N(5) 0.7491 -0.1286 1.0380 0.7458 -0.1301 1.0498 0.117 (4) 
N(6) 0.5549 -0.3239 0.7731 0-5474 -0.3127 0.8027 0.316 (4) 
N(lc) 0.8551 -0.0065 0.6206 0-8551 0 0.6206 0.085 (15) 
C ( I c) 0.8912 0.0288 0.4663 0.8912 0 0.4663 0.378 (18) 
C(2c) 0.7966 0.0542 0.6118 0.8136 0.0823 0.6052 0.50 (3) 
C(3c) 0.8305 -0.1103 0.5985 0.8136 -0-0823 0.6052 0.51 (2) 
C(4c) 0.9042 0.0020 0.8090 0.9042 0 0.8090 0.03 (3) 

the resulting puckered sheets of strongly interacting 
anions may be seen in the orthogonal views of Figs. 4 
and 5. Fig. 4 represents a bounded projection, in which 
anion A corresponds to the coordinates listed in Table 1 
with respect to the origin located at the intersection of 
[ i l0]  and [111]. As seen in Fig. 4, the plane of anion B 
is 0.32 A further from the viewer than the plane of 
anion A. The plane of anion C is 0.79 A nearer and that 
of anion D is 0.46 A nearer the viewer. Anion E is 
1.60 A further from the viewer than the plane of anion 
A, with anions F and G respectively further away by 

Fig. 4. Two partial strands of  H C T M C P -  radical anions with 
connecting short contacts N(5) . - .N(5 ' )  = 3.256 A from A to B 
and N ( 4 ) . . . N ( 4 ' ) =  3.189 A from B to C. Radicals in the 
EFGH. . .  strand are separated by N ( 1 ) . . . N ( I ' )  and N(2) . . .N(2 ' )  
distances, greater than 4.84 A, from those in the A B C D . . ,  
strand. Half  the inversion centers in this bounded projection are 
shown. 

1.92 and 0.81 A. Within the resulting puckered sheets 
such as those represented in Figs. 4 and 5, the sequence 
ABCD. . .  forms a strand. The distance between 
adjacent strands ABCD. . .  and EFGH.. .  is greater than 
4.8 A. Within a strand, the shortest contacts are 
N(4). . .N(4')  and N(5).. .N(5') of 3.189(3) and 
3.256 (3) A, which make angles of 4.4 (1) and 0.4 (1) ° 
respectively with the anion plane, and that pass through 
inversion centers. The next-nearest contacts are be- 
tween pairs of anions within a column, as illustrated in 
Fig. 5. Such pairs are also related by inversion centers. 

Overlap between radical anions forming a column is 
close, see Fig. 6: in phase II, the shortest distances 
between anion pairs are C(1) . . .C(4 ' )=3 .241  (2), 
C(2).. .C(7') = 3.288 (2), C(3). . .C(8') = 3.275 (2), 

Fig. 5. Side view of  radical-anion columns, with unit-cell outline, in 
phase II. The propagation direction of  the columns is inclined at 
11.8 o to the c axis. 
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C ( 5 ) . . . N ( I ' ) -  3.292 (2) and C(6). . .N(2')  = 
3.266 (2)A. In addition, there are five identical 
contacts produced by the inversion center [C(4)... 
C(1') = 3.241 (2)/~ etc.]. The strong interactions with- 
in strands and between pairs of closest anions in the 
columns result in quasi-two-dimensional magnetic 
order, since all strands are connected by the n-electron 
overlap, in contrast with phase I as discussed below. 
The interatomic distances connecting closest pairs of 
anions are normal, the shortest being 3.435 (2)/~, for 
C(5)...C(7'). 

In the case of [(CH3)4N]+.HCTMCP -, the magnetic 
exchange interaction J between spins along the strands 
through N . . .N  contacts (e.g. on anions ABCD. . .  in 
Fig. 4) clearly differs in strength from the interaction J '  
between closest pairs of anions in the columns due to 
n-n overlap in the direction normal to the anion plane, 
see Fig. 5. It is assumed that J'  < k T  c < J (k is the 
Boltzman constant), for a phase transition at T c, since 
n-n overlap is greatly reduced in phase I. Tc is known 
to be 364 K: the increasing paramagnetism at 400 K is 
taken as indicative of a higher exchange interaction 
temperature that is on the order of 500 K (Abrahams et 
al., 1984). 

7r-Electron bonding between HCTMCP- radicals in 
phase II 

The combination of radical-anion molecular overlap 
illustrated in Fig. 6 and interatomic distances ranging 
from 3.24 to 3 .29A between closest pairs of 
HCTMCP-  anions in the columns is characteristic of 
n-electron-overlap bonding (cfi Soos, 1974; Herbstein, 
1971). However, the present overlap does not lead to 
high electrical conductivity as found, for example, in 
TTF-TCNQ (cfi Alc/mer, 1980) but is eight or more 
orders of magnitude lower (Abrahams et al., 1984). The 
closest interatomic C. . .C  or C . . .N  approaches in 
TTF-TCNQ (Kistenmacher et al., 1974) are 3.25 and 
3.28/~ respectively, almost identical to the shortest 

c(' F) (.iP (~)c(,~) 
N ( 2 )/~l~C( 6' ) C (St).Jl. 

C(I;~) ~[--[ )J..- C(3 j) C(2') i,"-XNN(I ) 
;z,-~ '~---%-W-x._,%~k, )~-~c(9') 

N ( 3 ) ~ N ( 6  ) 

0(5~ . . . . .  '(~('6 )LI.,~N (:;'l) 
C(lO)~[). (~C(I,) 

N (4)~..~ ON(5 ) 
Fig. 6. Molecular overlap in phase II at 294 K between nearest pairs 

of HCTMCP- radicals normal to the anion plane. 

Table 4. Shortest intermolecular contacts (A) between 
stacked anions in each o f  the two phases 

294 K 388 K 
Phase II Phase I 

C(1)...C(4') 3.241 (2) 3.353 (6) 
C(2)...C(7') 3-288 (2) * 
C(3)...C(8') 3.275 (2) 3.353 (4) 
C(5)...N(I') 3.292 (2) 3-360 (5) 
C(6)...N(2') 3.266 (2) f 

* Identical to C(3)...C(8'). 
5" Identical to C(5)...N(I'). 

values in phase II of (CH3)4N+.HCTMCP ~- (see Table 
4). The shortest interplanar distance between stacks of 
TCNQ anions is 3.17/~, as compared to 3.24/~ 
between HCTMCP-  anions at 294 K and 3.35/~, at 
388 K. The corresponding shortest interplanar distance 
in TEA-(TCNQ) 2 is even less at 3.11/~,, as reported by 
Filhol & Thomas (1984). The high resistivity of the 
present material, in view of the contributing aromatic- 
like structures in Fig. 3 and the expected n-n  overlap 
between radical anions, is presumed due to a delocaliza- 
tion energy smaller than that derived from contribu- 
tions to the HCTMCP-  radical such as are indicated in 
Fig. 3, resulting in all spins becoming largely localized. 

The N(4). . .N(4')  and N(5). . .N(5')  contacts in 
phase II of 3.189 (3) and 3.256 (3) A that are close to 
the plane of the HCTMCP-  radical anion represent 
significant atomic interactions: the nitrogen van der 
Waals diameter in cyanogen (oxalonitrile), for example, 
is 3.54/~ (Parkes & Hughes, 1963) and N. . .N  
distances involving cyano groups are not often reported 
less than 3 .4A (see, for example, Albertsson, 
Oskarsson & StAhl, 1982). It may be noted that the 
present short N . . .N  contacts make angles of 88.1 (1) 
and 83.1 (1) ° respectively with the C(10)-N(4) and 
C(1 I ) -N(5)  bonds. These N. . .N  interactions, charac- 
teristically oriented nearly normal to the adjacent C=N 
bond and close to the cyclopropanide plane, are 
consistent with p-orbital overlap of the sp-hybridized N 
atoms. 

Coulombic interactions between the radical anions 
and [(CH3)4N] + cations result in C( lc ) . . .N(3 )=  
3.400 (8) and C(3c) . . .N(2)= 3.371 (7)/~, as shortest 
contacts, where c represents a cation atom. All other 
cation-radical contacts are longer than 3.5 A. Coulom- 
bic C . . .N  interactions between NH~-and CN- of 
3.04/~ are reported in NH4CN (Lely & Bijvoet, 1944), 
and N . . .N  interactions between NH~- and C(CN) 3 of 
2.93-3.17/~ in NHaC(CN) 3 (Desiderato & Sass, 
1965). 

Quasi-one-dimensional radical anion array at 388 K 
and magnetic phase transition 

The strong interactions within columns formed normal 
to the radical-anion plane at 294 K become much 
weaker at 388 K although molecular-overlap registra- 
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tion is even closer, as illustrated in Fig. 7. The anion 
orientation is similar in both phases, with the normal to 
the anion plane in phase I inclined at 9.0 ° to the c axis. 
Corresponding intermolecular distances in phase I for 
comparison with the phase II distances are given in 
Table 4. The average increase in length of about 0.08/~ 
for these C. . .C and C. . .N  contacts in phase I results in 
intermolecular distances close to Pauling's (1960) van 
der Waals values. By contrast, the N(4). . .N(4')  and 
N(5). . .N(5')  interactions, which become identical at 
3.234 (7)A in phase I owing to the development of 
mirror symmetry in space group C2/m, are not 
significantly different from the mean value of the two 
room-temperature phase II distances, i.e. 3.223/~. The 
temperature-independent interatomic interactions with- 
in the strands denoted by ABCD.. .  etc. in Fig. 4 hence 
result in quasi-one-dimensional order above the phase 
transition. For recent reviews of the properties of 
low-dimensional ordered systems, see Alchcer (1980), 
Miller & Epstein (1978) and Keller (1975). 

A quasi-two-dimensional magnetic spin array of 
uniform spacing, such as occurs in phase II, approaches 
an ideal two-dimensional Ising lattice (McCoy & Wu, 
1973). The temperature dependence both of the lattice 
dimensions and the specific heat at the 364 K phase 
transition are consistent with a second-order phase 
transition (Abrahams et al., 1984). As the transition is 
approached on heating, the increasing magnetic sus- 
ceptibility appears due to enhanced antiferromagnetic 
ordering particularly between closest anion pairs within 
the columns of the quasi-two-dimensional array. It may 
be suggested that coupling between the lattice and this 
antiferromagnetic ordering leads to a lattice instability, 
resulting in the observed transition. The change in slope 
of the susceptibility-temperature dependence above the 
phase transition is fully consistent with a change from a 
quasi-two-dimensional array of antiferromagnetically 
coupled spins in phase II to a quasi-one-dimensional 
paramagnetic spin array in phase I. 

N(2 ( B ) ~ N (  I ) 

N 1 3 ) ~ N ( 6 1  
C(5)~, ~'C(6) 
c(,o~_.. ..~¢(, ,) 
N(4)~,v> (.j) N(5) 

Fig. 7. Molecular overlap in phase I at 388 K, see Fig. 6, with 
mirror symmetry imposed by monoclinic space group. 

The experimental results are hence in accord with a 
model in which exchange interactions J '  between 
closest anion pairs in columns normal to the strands 
(see Fig. 5) are primarily antiferromagnetic and weaker 
than the antiferromagnetic interactions J along the 
strands. As d '  tends to zero at 364 K, antiferro- 
magnetic ordering associated with the columns breaks 
down and the spin array becomes increasingly para: 
magnetic as J / k T  also decreases at higher temperatures. 

Magnetic symmetry of phases I and II 

Development of antiferromagnetic ordering in phase II 
is subject to the symmetry restrictions of the applicable 
Shubnikov group (see, for example, Koptsik, 1966). 
The point group for the magnetic structure may be 
taken as that of the crystal lattice, although correspond- 
ing unit-cell translations may be doubled. Experimental 
determination of such a possibility requires a neutron 
scattering study: however, only two Shubnikov groups 
may be derived from the space group of phase II that 
allows antiferromagnetism, namely P i '  and Psi. The 
two remaining Shubnikov groups are Pi ,  which leads to 
a ferromagnetic array and P i  1', which leads to either a 
paramagnetic or a diamagnetic array. The spins in P i '  
are reversed in sense across each anti-inversion center. 
Thus, in Fig. 2(a), a spin vector associated with one 
radical anion within the unit cell would be antiparallel 
to that of the other radical. In Ps i , one unit-cell 
translation is doubled and inversion centers along that 
direction alternate with anti-inversion centers. Since 
spins related by anti-inversion centers are antiparallel 
and those by inversion are parallel, a zero net magnetic 
moment results in this space group. Loss of magnetic 
order associated with the columns in phase I, which are 
generally similar to those of phase II as shown in Fig. 5, 
and decreasing order in the strands of phase I giving 
rise to the paramagnetic contribution suggest that the 
magnetic symmetry above the phase transition corre- 
sponds to C2/m1', the only 'grey' Shubnikov-group 
member of the C2/m family. 

It is a pleasure to thank Professor J. Albertsson for 
several calculations including evaluation of the dis- 
placements given in Table 3. 
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Abstract 

The crystal structure of parabanic acid (1H,3H- 
imidazoletrione, C3H2N20 3, M r= 114.1) at 123 K 
[monoclinic, P2Jn, Z = 4 ,  a =  10.704 (2), b =  
8.187 (2), c = 4.969 (1) A, fl = 92.32 (1) °] has been 
determined by neutron and X-ray diffraction. Neutron 
reflections [ 1658, (sin0)/2 < 0.78 A -1, 2 = 1.0470 (1) A, 
g = 0.75 cm-l] in full-matrix least-squares refinement 
(wR =0 .055)  gave nuclear parameters with bond 
lengths having estimated standard deviations (e.s.d.'s) 
of 0.001 A. X-ray reflections [3150 with IFI >_ 3tr and 
( s i n 0 ) / 2 < l . 3 A  -1, MoKa,  ~, = 0. 7093 (1) A, g =  
1.708cm -1] were used in full-matrix least-squares 
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refinement (R = 0.022) assuming Stewart's rigid 
pseudoatom model, so as to determine the charge- 
density distribution. Sharp features near the O nuclei in 
the residual electron density map noted by Craven & 
McMullan (CM) [Acta Cryst. (1979), B35, 934-945] in 
their 298 K study were absent at 123 K. New refine- 
ments using CM's 298K data give significant 
third-order thermal parameters for O atoms due to 
anharmonic molecular stretching, with good agreement 
between probability density functions, (p.d.f.'s) from 
X-ray and neutron diffraction. When deconvoluted 
from the thermal vibrations in the crystal, deformation 
charge densities derived at 298 and 123 K are in 
satisfactory agreement and conform closely to the 2ram 
symmetry of the isolated molecule. The molecular 
dipole moment is 2.3 (3) D [7.7 (10) x 10 -30 C m]. A 
map of molecular electrostatic potential indicates that 
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