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Abstract 

A study of the charge density in a-glycine, C2HsNO2, 
has been carried out employing X-ray and neutron 
diffraction data measured at 120 K. The crystal is 
monoclinic, space group P21/n, with the following cell 
dimensions: a = 5.084(1), b = 11.820(2), c = 
5.458 (1) A and fl = 111.95 (2) °. The X-ray data were 
collected in the sin 0/4 range 0 . 0 0 - 1 . 2 0 A - k  The 
deformation densities were computed both by the X - N  
method, using positional and thermal parameters from 
the neutron diffraction study, and by a multipole 
refinement method, where the asphericity in the 
electron charge distribution was accounted for in the 
refinement. Well defined peaks of deformation charge 
density are found in all covalent bonds. The positions 
of the peaks, however, vary slightly depending on the 
method used. The X - N  maps in the bonding regions are 
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in agreement with theoretical ab initio calculations, and 
with previous charge-density studies on a-glycine and 
a-glycylglycine. 

Introduction 

The direct analysis of electron densities in solids by 
means of diffraction techniques is presently widely 
employed. The effects of systematic experimental errors 
in the data and different approaches for extracting the 
information are, however, still much discussed. Here we 
report a study of the electron distribution in a-glycine 
at 120 K using both combined X-ray and neutron 
techniques (X-N)  and a multipole refinement tech- 
nique. Details of the neutron diffraction study (Kvick 
& Koetzle, 1980) will be presented in a later publi- 
cation. A room-temperature electron density study of 
a-glycine has been reported (Alml6f, Kvick & Thomas, 
1973), as have room-temperature and low-temperature 
(82 K) studies of a-glycylglycine (Griffin & Coppens, 
1975; Kvick, Koetzle & Stevens, 1979). It is of interest 
here to compare the results with theoretical calcu- 
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lations and the experimental determination at room 
temperature and also to compare the different tech- 
niques of obtaining the deformation electron densities. 

Experimental 

Crystal data 

Crystals were obtained by cooling a hot concen- 
trated aqueous solution. The crystal chosen for data 
collection was roughly bipyramidal (dimensions 0.21 × 
0.17 × 0.14 mm), bounded by the two forms { 110} and 
{011 } and truncated by the form {010}. It was mounted 
on a glass fiber and coated with a thin film of poly- 
ethylene to prevent sublimation. 

The cell parameters were determined by least- 
squares fitting to the observed 0 angles of 25 
moderately intense reflexions in the region 19 ° < 0 < 
26 °. Crystal data are ~iven in Table 1. 

Data collection 

Intensity data were collected on the Enraf-Nonius 
CAD-4 diffractometer at the University of Uppsala 
with graphite-monochromatized Mo Ka radiation. 
Cooling of the crystal during the experiment was 

Table 1. Crystal data at 120 K (first line: X-ray; 
second line: neutron) 

Estimated standard deviations in the least significant digits are 
given in parentheses throughout this paper. 

Formula: H3N+CH2COO - M r = 75.07 
Space group: P2~/n 

a = 5.0835 (10) A V =  304.17 A 3 
5.0830 (8) 304.15 

b = 11.820 (2) Px= 1.64 Mg m -3 
11.816 (3) 

c =  5.4579 (9) Z = 4  
5.4590 (10) 

t =  111.95 (2) ° 
111.93 (2) 

Linear absorption coefficient/~(Mo Ka) = 0.137 mm -~* 

Data-collection parameters 

Temperature: 120 _ 5 K 
Wavelength: 2(Mo Kt~) = 0.71069 A 
Detector aperture: height = 4 mm; width = 3 mm 
Take-off angle: 2.8 o 
Scan mode: to/20 

Total number of reflexions: 4803 
Number of independent reflexions: 

1244 for 0 < sin 0/2 < 1.2 A -1 
357 for 0.7 < sin O/l < 1.2 A -~ 

* Calculated using mass-absorption coefficients given in Inter- 
national Tables for X-ray Crystallography (1974). 

accomplished by means of a cold-nitrogen-gas stream 
obtained by a locally constructed low-temperature 
device. The temperature during the data collection was 
120 K according to a previous calibration of the 
experimental set-up using a microthermocouple at the 
crystal position. 

The repeat distance along the b axis is the most 
sensitive to temperature change in this compound and 
shrinks from 11.969 (2) A at 298 K to 11.820 (2) A at 
120 K. This dimension was repeatedly monitored 
during the experiment to check the long-term tempera- 
ture stability. The corresponding neutron experiment at 
120 K (Kvick & Koetzle, 1980) gave a b axis of 
11.816 (3)A, in good agreement with the X-ray 
experiment. 

All reflexions with sin 0/2 <_ 0.7 A -~ were measured, 
but only reflexions estimated to have intensities larger 
than twice the background in the 0.7 < sin 0/2 < 
1.2 A -1 region were collected. Reliable intensity 
predictions were obtained using the coordinates and 
thermal parameters obtained from the neutron experi- 
ment. A total of 4803 reflexions (excluding monitors 
and systematic absences) were collected. Further details 
of the data collection are given in Table 1. In the 
neutron study all reflexions with sin 0/2 < 0.61 A -1 and 
+_h,+k,+_l reflexions out to sin 0/2 = 0.69 A -~ were 
measured. Friedel-related reflexions were averaged 
producing a set of 1521 reflexions for use in the least- 
squares refinement. The agreement factor among the 
Friedel-related reflexions, defined as R = •(F 2 - Po)/ 
Y/~o 2, was 0.013. The total number nf reflexions 
measured was 2859. 

Data reduction 

Profile analysis according to Lehmann & Larsen 
(1974) was used for the computation of integrated 
intensities and the usual Lorentz-polarization correc- 
tion was applied. Absorption corrections were calcu- 
lated using the Gaussian integration method (Coppens, 
Leiserowitz & Rabinovich, 1965) with a 4 x 4 x 8 
point grid; the transmission factors were in the range 
0.976-0.984. Equivalent reflexions were averaged 
producing a set of 1244 independent reflexions of which 
373 were in the range 0.7 < sin0/2 < 1.2 A -1. The 
agreement factors among symmetry-related reflexions 
defined as R = y ( F  2 - 2 - 2 

- -  F o ) / Y r  o and g w = 
[ Y w ( F  2 - F2)2 /ywp4]u2  were 0.015 and 0-022 
respectively for the low-order data (sin 0/2 < 0.7 A-~); 
0.025 and 0.031 for the high-order data and 0.016 and 
0.024 for the full data set. The weights used were 
W-I 2 2 2 2 = trc(_Fo) where trc(Fo) is based on counting 
statistics. F 2 is the average of the symmetry-related 
reflexions in a form. 

The quality of the data was also checked by 
analyzing the measured intensities of symmetry-related 
reflexions by the method of normal-probability 
analysis. This was made by plotting the observed 
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= - F o ) / a c ( F  o) against the values quantities gR (F  2 - 2 - 2 
expected for a normal distribution (Abrahams & Keve, 
1971; Lundgren & Liminga, 1979). The plot was 
perfectly linear with a slope of 1-38 and a y intercept of 
0.01 (65 reflexions had fiR > 4.0 and fell outside the 
plot). The slope indicated an underestimation of the 
standard deviation of F2; these standard deviations 
were thus multiplied by 1.38 in all subsequent 
calculations. 

S t ruc tu re  re f inements  

The programs used have been described by Lund- 
gren (1979a). Full-matrix least-squares refinement was 
performed by minimization of the function ~ w ( F  2 - 
k2F2) 2 {w -1 : aZ(Fo z) where o'2(F 2) = [1.38trc(F2)] 2 + 
(0.025Fo2)2}. All unique reflexions but the strongest, 
040, which might be severely affected by extinction, 
were included in the calculations. The scattering factors 
and anomalous-dispersion corrections were taken from 
In t e rna t iona l  Tables  f o r  X - r a y  Crys ta l lography  (1974); 
for hydrogen, the spherical scattering factors of 
Stewart, Davidson & Simpson (1965)were used. Four 
different refinement procedures (denoted A, B, C and 
D) were performed. Initial parameters deduced from 
the neutron experiment were in all cases used as 
starting values. The results are summarized in Table 2. 

Refinement A was a conventional X-ray refinement. 
Positional parameters for all atoms, anisotropic ther- 
mal parameters for non-hydrogen atoms and isotropic 
thermal parameters for H atoms were varied together 
with the scale factor. In the last cycles an isotropic 
extinction correction (type I, Lorentzian distribution) 
was introduced according to Becker & Coppens (1974, 
1975) but refined to a non-significant value. 

Refinement B was an X-ray high-order refinement 
using only the reflexions with sin 0/;t > 0 . 7 A  -1. 
Positional and anisotropic thermal parameters for the 
H atoms were fixed to their neutron values. Positional 
and anisotropic thermal parameters for the heavy 
atoms were varied together with the scale factor. 

In procedures C and D attempts were made to 
account for the asphericity in the electron density due 
to bonding. The method developed by Hirshfeld (19 71, 
1977) and Harel & Hirshfeld (1975) was employed to 
modify the atomic scattering factors. Each atomic 
scattering factor was calculated as f = f~ + ~ c t tpt, 
wherefs is the spherical free-atom scattering factor and 
t;t are the Fourier transforms of the deformation 
functions. The coefficients cl are refined in the least- 
squares process. The deformation functions on each 
atomic center were of the form: 

gn(r, Ok) = Nn r n exp (_~2)  cos ~ Ok 

where r is the distance from the atomic center; 0 k is the 
angle between radius vector r and a specified polar axis 
k; n = 0, 1, 2 and 3 for all heavy atoms and n = 0, 1, 2 
for the H atoms; N~ is a normalizing factor and ~, a 
parameter governing the radial dependence. Re- 
finement attempts using a radial dependence exp (--ar) 
failed to converge. In order to reduce the number of 
refined parameters, reasonable geometrical constraints 
were applied to the deformation model. The heavy 
atoms were constrained to local m symmetry and the H 
atoms to cylindrical symmetry about their bonding 
direction; furthermore, the two methylene H atoms 
were constrained to have identical deformation coeffi- 
cients, as were the three H atoms of the -NI-I~- group. 
The positional and thermal parameters of the H atoms 
were kept fixed at their neutron values whereas the 

Table 2. S u m m a r y  o f  re f inements  

,t (F] 2 2 = - k F~), tr= {[1.38trc(F])F + (0.025Fo~)~} 1/~. 

Refinement A B 
(conventional (high-order 
refinement) refinement) 

k -~ (multiplying Fo) 0.1493 (4) 0.1454 (5) 
g (isotropic extinction type I) non- - 

significant 
N (number of reflexions) 1243 373 
M (number of refined parameters) 67 46 
R(F2) = ~ IAI/~ F 2 0.046 0.022 
R w(F 2) = (~, wA2/~ wF91/2 0.079 0.028 
R(F) = Y IF o -- kFcl/Z F o 0.030 0.013 
S(F 2) = [~ wA2/ (N-  M)] l/z 2.53 0.96 
Number ofreflexions with IA/al > 3.0 183 255 (all in 

low order) 
Maximum IA/trl 26.4 27.1 
t~R plot 

slope 0.52 1.12 
y intercept -0.13 -0.04 
number of reflexions out of the range -4  < fir < 4 96 0 

C 
(deformation 
refinemen0 

0.1448 (6) 
0.59 (8) x 104 

1243 
120 

0.021 
0.037 
0.016 
1.20 
18 

10.2 

0.97 
-0.09 

8 

D 
(deformation 
refinement) 

0.146508 (37) 
0.48 (7) x 104 

1243 
120 

0.019 
0.035 
0.015 
1.14 
17 

10.5 

0.97 
-0.09 

5 
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Tab l e  3. Coordinates ( x  105) o f  heavy atoms 

First line = conventional refinement (A); second line = high-order 
refinement (B); third line = deformation refinement (C); fourth 
line = deformation refinement (D); fifth line = neutron refinement. 
A/o = (P1 - P2)/[a(PI) 2 + a(p2)2] 1/2, where P1 is the par- 
ameter concerned, P2 is the parameter from deformation refinement 
D, a(P1) and o(P2) are the standard deviations. 

x AIo y AIo z d/o 

N 29653 (13) -0.8 8876 (5) 0.8 -25921 (12) 0.4 
29666 (10) 0.1 8875 (4) 0.6 --25930 (10) --0.3 
29664 (15) -0.1 8873 (4) 0.4 --25941 (16) --0.8 
29666 (9) 8871 (3) --25926 (9) 
29614 (4) -5.0 8869 (2) --0.8 -25940 (4) -1.3 

O(1) 30295 (11) -1.0 9388 (5) 0.7 23632 (10) 0.7 
30299 (9) -0.8 9392 (4) 1.5 23624 (10) 0.1 
30337 (17) 1.4 9385 (3) 0.1 23614 (18) --0.5 
30310 (10) 9384 (2) 23623 (9) 
30217 (7) -7.7 9384 (3) -0.2 23624 (7) 0.1 

0(2) -15367 (l 1) 0.7 14217 (5) -0.2 10653 (11) 1.6 
-15376 (9) 0-1 14209 (5) -1.6 10650 (11) -1-8 
-15393 (16) -0.8 14220 (3) 0.5 10676 (18) 0.0 
-15378 (10) 14218 (3) 10677 (10) 
-15392 (7) -1.2 14218 (3) -0.2 10644 (7) -2.7 

C(I) 7057 (14) 0.2 12504 (6) -1.1 6603 (13) 1.7 
7069 (9) 1.1 12507 (4) -0.8 6539 (12) -2.1 
7074 (15) l . l  12507 (3) -0.7 6615 (17) 2.0 
7054 (10) 12511 (3) 6573 (11) 
7026 (6) -2.4 12504 (2) -1.7 6576 (6) 0.2 

C(2) 5958 (14) - l . l  14564 (6) 1.1 -21368 (14) -1.0 
5989 (9) 0.9 14549 (4) -1.3 -21358 (12) -0.5 
5983 (13) 0.4 14554 (4) -0.5 -21343 (18) 0.4 
5977 (9) 14556 (3) -21351 (11) 
5933 (6) -4.1 14566 (2) 2.4 -21392 (5) -3.4 

pos i t iona l  and  an i so t rop ic  t h e r m a l  p a r a m e t e r s  o f  the  
h e a v y  a t o m s  were  var ied  a long  wi th  the  73 coeff ic ients  
e t, the  scale  f ac to r  and  the  i so t rop ic  ex t inc t ion  
coefficient .  

In  p r o c e d u r e  C the  va lues  o f  the  radia l  y e x p o n e n t s  
were  t a k e n  f rom Hi r sh fe ld  (1971) :  7(N) = 6 .0 ,  y(O)  = 
6 .5 ,  y(C)  = 5 .5 ,  y (H)  = 4 . 0  A -2. In  a c c o r d a n c e  wi th  
p rev ious  exper ience  ( L u n d g r e n ,  1979b) no  a t t e m p t  w a s  
m a d e  to refine the  y e x p o n e n t s  a long  wi th  o the r  
pa r ame te r s .  H o w e v e r ,  two  cyc les  o f  r e f inement  wi th  
on ly  the  y e x p o n e n t s  as va r i ab les  led to  the  va lues  y (N)  
= 6 . 1 6  (2), 7[O(1)] = 6-6 (1), y[O(2)]  = 5 .9  (1), 
y [C(1) l  = 5 .41  (2), ~ C ( 2 ) ]  = 5 . 4 8 ( 2 ) ,  y[H(1)]  = 
y [H(2) I  = y [H(3) ]  = 4 . 4  (1), y [H(4) ]  = y [H(5) ]  = 
3 .9  (1) /~-2 .  T h e s e  va lues  were  kept  c o n s t a n t  in the  
s u b s e q u e n t  re f inements .  

In  p r o c e d u r e  D the  y e x p o n e n t s  for  all a t o m s  were  
given the  va lue  3 . 5 / ~ - 2  as sugges ted  by  L u n d g r e n  
(1979b) .  N o  s igni f icant  shift  was  obse rved  in an 
a t t empt  to refine the  y e x p o n e n t s  a lone  s ta r t ing  f rom 
the  va lue  3 .5  A -2. As  can  be seen in Tab le  2, th is  
p r o c e d u r e  gave  the  bes t  fit be tween  obse rved  and  
ca lcu la t ed  s t ruc tu re  f ac to r s  and  will there fore  be 
refer red  to  in the  fo l lowing d i scuss ions .*  

* Lists of structure factors and deformation coefficients from 
refinement D have been deposited with the British Library Lending 
Division as Supplementary Publication No. SUP 35554 (10 pp.). 
Copies may be obtained through The Executive Secretary, 
International Union of Crystallography, 5 Abbey Square, Chester 
CH1 2HU, England. 

Tab le  4. A nisotropic thermal  parameters  (,/k 2 x l05) o f  heavy atoms 

The form of the temperature factor is exp [-27t2(Ull a .2 h 2 + ... + 2 U12 a* b* hk + ...)]. For refinement notation see Table 3. 

UII z~/a U22 ,4/0" U33 /t/o. 

N 1071 (21) - 3 . 4  1491 (24) -1 .1  808 (23) - 1 . 0  
1174 (12) 1.2 1526 (14) 0.2 831 (15) - 0 . 2  
1168 (14) 0.8 1528 (16) 0.3 844 (19) 0.4 
1154 (12) 1522 (13) 835 (14) 
948 (11) -12 .7  1277 (11) -14 .4  795 (14) -2 .1  

O(1) 1200 (20) 0.1 1792 (23) -1 .3  858 (21) -0 .8  
1208 (12) 0.6 1847 (16) 0.9 882 (13) 0.2 
1215 (16) 0.9 1842 (18) 0.6 871 (17) -0 .4  
1198 (12) 1828 (13) 879 (13) 
1022 (14) --9.5 1565 (14) --13.6 812 (16) --3.3 

0(2) 1050 (20) --1.7 2104 (27) 0.4 1277 (23) --1.4 
1092 (12) 0.2 2135 (18) 1.8 1324 (20) 0.4 
1098 (15) 0.5 2073 (20) --0.8 1274 (19) --1.7 
1089 (12) 2093 (16) 1314 (14) 
909 (14) --9.7 1796 (15) --13.8 1133 (16) --8.5 

C(1) 1056 (25) 2.8 874 (22) -5 .6  904 (25) 1.4 
995 (13) 1.0 1025 (13) 0.5 891 (17) 1.2 
962 (18) -0 .5  1073 (16) 2.9 866 (21) 0.2 
975 (15) 1016 (13) 862 (16) 
804 (12) -8 .9  822 (I1) -11 .5  768 (13) -4 .4  

C(2) 997 (23) -2 .3  1268 (26) 0.2 855 (24) -0 .7  
1080 (14) 1.2 1256 (15) -0 .3  899 (18) 0.9 
1075 (15) 0.9 1268 (17) 0.2 899 (20) 0.8 
1057 (13) 1262 (14) 877 (16) 
869 (12) -10 .4  1028 (12) - 2 . 4  817 (14) -2 .8  

U~2 A/a Ux3 A/a U23 A/a 

199 (20) - 1 . 2  460 (17) -1 .7  83 (20) -0 .6  
222 (11) -0 .2  498 (10) 0.4 95 (13) 0.0 
221 (14) - 0 . 2  491 (12) -0 .1  98 (12) 0.1 
225 (11) 492 (9) 96 (10) 
218 (7) -0 .5  412 (8) -6 .8  85 (7) - 1 . 0  

256 (18) - 2 . 0  425 (16) 0.1 182 (18) -0 .9  
311 (12) 1.0 425 (9) 0.1 217 (12) 1.0 
291 (I1) - 0 . 4  448 (14) 1.4 204 (11) 0.2 
297 (9) 424 (10) 201 (9) 
256(11) -2 .9  392(11) - 2 . 2  178(11) -1 .7  

5 (19) -1 .1  722 (17) 0.3 -191 (19) -0 .6  
17 (12) -0 .7  724 (10) 0.6 -171 (13) 0.5 
26 (I1) -0 .2  697 (13) -1 .2  -171(11)  0.5 
28 (10) 716 (I0) -179 (9) 
37 (11) 0.6 603 (12) -7 .4  -145 (12) 2.2 

-117 (19) -4 .1  493 (19) 0.8 - 8 2  (20) -2 .7  
- 4 2  (10) -0 .8  487 (10) 0.8 -41  (12) - 1 . 2  
-11(11)  1.4 473 (14) -0 .1  - 5  (11) 1.1 
-31  (9) 475 (11) - 2 2  (10) 
-15  (9) 1.3 404 (9) -4 .8  - 3 6  (9) -1 .1  

181 (21) 0.7 445 (19) -0 .3  136 (22) 0.1 
155 (11) -0 .5  466 (11) 1.0 139 (14) 0.2 
152 (14) -0 .7  451 (12) 0.0 141 (13) 0.4 
163 (1.1) 451 (10) 134 (11) 
135 (9) - 2 . 0  375 (10) -5 .3  144 (9) 0.7 
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The data were only to a small extent affected by 
extinction. In procedure D the extinction correction 
factor multiplying Fo had a maximum value of 1.06 
and only six reflexions had extinction corrections larger 
than 1.02. Strong correlation often occurs in def- 
ormation refinements. In the present case the largest 
correlations (0.8) occurred between coefficients of 
cubic deformation functions (n = 3) belonging to the 
same atom. The scale factor was correlated with the 
coefficients of the spherical functions (n = 0) and the 
positional parameters were correlated with the coeffi- 
cients of the dipolar deformation functions (n = 1). No 
strong correlation is observed between the thermal 
parameters and the coefficients of the even functions 
(n = O, 2). 

Results and dlscussion 

I i"A .@ / t y ~:/ ,' 
_2 o, 

H5 ~ J 1 . 0 9 4 ~ 3  

~, 

.~.// '~ 

k)ol 

Fig. 1. Bond distances (A) and hydrogen-bonding scheme in 
a-glycine. The bond distances are calculated with the heavy-atom 
coordinates from the X-ray deformation refinement (D) and H 
atom coordinates from the neutron study (Kvick & Koetzle, 
1980). The standard deviations are 0.001/k or less in all bond 
distances. 

Comparison of different refinements 
The positional and thermal parameters for non- 

hydrogen atoms from the different refinement pro- 
cedures (see Table 2) are compared in Tables 3 and 4. 
The following conclusions may be drawn from the 
results. 

(a) Procedure D gives markedly smaller standard 
deviations in refined parameters than those obtained 
from procedure C. 

(b) The positional parameters from conventional. 
high-order and deformation refinements agree very 
well; the maximum discrepancy being - 2 .  ltr, where o 
is based on the combined standard deviation. The 
'asphericity' shifts (distance between atomic positions 
obtained from conventional refinement and de- 
formation refinements) are therefore small (<0.002 A). 

(c) Some significant differences between positional 
parameters obtained from the neutron and X-ray 
refinements can be observed. The largest is a shift of 
0.005 A towards the lone-pair region for the oxygen 
atom O(1). The discrepancies are mainly found in the x 
coordinates of the atoms. 

(d) Thermal parameters from the X-ray deformation 
and high-order refinements agree very well. As a result 
of the aspheric electron density distribution the agree- 
ment is, as expected, less good when compared to the 
thermal parameters from the conventional refinement. 

(e) The UI~ and U22 X-ray thermal parameters are 
systematically about 20% larger than the neutron 
parameters. The discrepancy is smaller but significant 
also for the U33 parameters. There are no obvious 
structural reasons for a different behavior of the U33 
parameters. The discrepancy between neutron and 
X-ray thermal parameters could conceivably be attrib- 
uted to a difference in temperature between the 
neutron and X-ray experiments. However, if the 

variation of the U parameters with temperature is 
considered to be linear in the range 120-298 K, a 
comparison with room-temperature U parameters 
(J6nsson & Kvick, 1972) leads to the conclusion that a 
20% discrepancy corresponds to a temperature differ- 
ence of about 35 K between the X-ray and neutron 
experiments. The observed cell dimensions for the two 
experiments show that a temperature difference of this 
size is highly unlikely. Similar systematic discrepancies 
in combined X-ray and neutron studies at low 
temperatures have already been observed and re- 
viewed by Bats, Coppens & Koetzle (1977), who 
suggested that differences between the X-ray and 
neutron TDS contributions could be responsible for 
such discrepancies. 

Bond distances calculated from the parameters 
obtained from the deformation refinement D are 
illustrated in Fig. 1. The reduction of the low-frequency 
librations of the molecule with temperature results in 
lengthenings of the observed intramolecular bond 
distances of between 0.002 and 0.009 A [with the 
exception of the C(1)-C(2) bond] relative to the 
room-temperature results. The H . . . O  hydrogen-bond 
distances, however, are all shortened by between 0.006 
and 0.072 A. H(2) . . .O(2) [1 .803(1)  A] and H(3) 
• . .0(2)  [2.049 (1) /k] are shortened by 0.024 and 
0.072 A respectively. Tlae stronger H( I ) . . .O(1)bond  
[1.722 (1)A] is only shortened by 0.006 A. A detailed 
discussion of the reasons for these results will be given 
in the paper dealing with the neutron diffraction study 
(Kvick & Koetzle, 1980). The phenomenon has, 
however, already been discussed in the case of the 
neutron diffraction studies of y-glycine at 83 K and 298 
K (Kvick, Canning, Koetzle & Williams, 1980). 



JEAN-PIERRE LEGROS AND ]kKE KVICK 3057 

X - N  versus  multipole deformation techniques 

X - N  difference density maps 

These were calculated in the usual way using the 
values of F o -- F c as coefficients in a Fourier synthesis. 
The F c values were calculated using the atomic 
parameters from the neutron study and the X-ray 
spherical free-atom scattering factors. The scale factor 
was determined by a cycle of refinement with all other 
parameters fixed; it refined to 0.1572(3),  to be 
compared with the considerably lower values for the 
X-ray refinements (Table 2). 

Dynamic  multipole deformation maps 

These were obtained from an F c synthesis calculated 
from the deformation functions only. An F o - F~ 
synthesis (Hirshfeld, 1971) was also computed where 
F" are the structure factors calculated with atomic 
parameters deduced from deformation refinements and 
the spherical free-atom scattering factors. Both pro- 
cedures resulted in virtually identical maps. 

. .  

(a) 

(e) 

?i)f ,i?:! 

(b) 

(a) 

Fig. 2. (a) X-N difference map through the plane defined by atoms 
C(1), O(1) and 0(2). (b) Multipole deformation map (refinement 
procedure C). (c) Multipole deformation map (refinement 
procedure D). Contour levels in (a), (b) and (c) are 0.08 e A -3. 
(d) Theoretical difference map for a molecule in a crystal field. 
Contours are at +0.04, +0.10, +0.20, +0.40 and +0.80 e/k -3. 
The zero level is dashed in (d) but not included in (a), (b) and (c). 
Standard errors in the experimental maps are estimated to be 
approximately 0.05 e/k -a. 

Stat ic  multipole deformation maps 

Static multipole deformation maps were calculated in 
the same way as the dynamic ones but with the thermal 
parameters reset to zero. This procedure sharpened the 
features of the maps and the peak heights increased to 
C(1) -C(2)  0.56, C - O  0.48, C ( 2 ) - N  0.32, C - H  
0.42, and N - H  0.36 e /~-3. The nonbonding areas 
around the O atoms showed peaks with heights 
between 0.08 and 0.24 e A -3. 

Fig. 2(a), (b), and (c) compares the X - N  difference 
density map and the multipole maps obtained by 
procedures C and D in the plane of the carboxyl group 
where the observed differences between the two 
procedures are most pronounced. The lone-pair regions 
of the O atoms look different; particularly the high 
single peak at the back of the O(1) atom in the X - N  
map does not have any equivalent in the deformation 
maps. In addition, the C(1) -O(1)  and C(1)-O(2)  bond 
peaks are fairly off-centered and displaced towards the 
C(1) atom in the X - N  map, whereas they are almost 
centered in the deformation maps. 

The X - N  and multipole maps may also be compared 
with the ab initio M O - L C A O  SCF calculations using a 
Gaussian basis set of 'double-~' type performed by 
Alml6f, Kvick & Thomas (1973) and given in Fig. 
2(d). When comparing the maps it should be re- 
membered that the theoretical map is not subject to 
thermal smearing, which will reduce the electron levels 
if applied. It can be seen that the agreement between the 
theoretical map and the X - N  map is good, especially if 
one allows for a small overestimation of the scale factor 
in the X - N  procedure, which mainly raises the electron 
levels close to the nuclei. The multipole models used 
appear to be slightly less detailed upon comparison 
with the theoretical map. It may well be that the 
multipole refinement procedure, as it is employed here, 
is sensitive to the inclusion of more complete high-order 
data or a more general set of deformation functions 
used in order to resolve the finer details of the 
deformation densities. 

A comparison of the multipole maps obtained by 
procedures C and D shows some differences and 
illustrates the difficulty of quantitative discussions. The 

Fig. 3. X--N difference map in the plane defined by atoms N, 
C(1) and C(2). Contours are at 0.08 e A -3 intervals. 
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peaks are lower in procedure D and the minima at the 
nuclei are shallower. The latter feature is connected 
with the difference in the scale factors, while the former 
must be connected with the lower values of the y 
exponents of the deformation functions used in pro- 
cedure D. The choice of the y exponents therefore 
appears to be important in any quantitative study. As 
already pointed out, the best fit between observed and 
calculated structure factors and the lowest standard 
deviations of the parameters have been obtained by 
procedure D; therefore, the deformation maps obtained 
by procedure D are used in the remaining discussion. 

Deformation electron density maps 

The X - N  deformation maps are in excellent agree- 
ment with the theoretical map. The excellent fit does 
not only pertain to the carboxylate group, but also to 
the amino end of the molecule (Fig. 3). As noted above, 
the appropriate scale factor in X - N  maps is difficult to 
ascertain. The immediate vicinities of the nuclei are 
therefore often troubled by large errors, partly because 
of this fact and partly because of a lack of extremely 
high-resolution data. The densities between the nuclei 
are, however, often quite reliable as evidenced by the 
comparison with the theoretical maps. Furthermore, 
the 120 K glycine maps are also in good agreement 
with the 298 K maps (Alml6f et al., 1973), the most 
striking difference being the more detailed features of 
the 120 K maps with higher density in the peaks as a 
result of smaller thermal smearing and the use of 

C2 

0 2  

(a) 

L_ 

O1 

(b) 
. . . . . . . . . . . . . . . . . .  ~ S . _ _ ~  ._.r.. z 

o 2 .  

- ~ O 1  

(c) 
Fig. 4. Multipole deformation maps in the plane through the 

midpoint of'(a) the C(1)-O(1) bond, (b) the C(1)-O(2) bond and 
(c) the C(1)-C(2) bond. The planes are perpendicular to the 
bonds. Contours are at 0.08 e/~-3 intervals. 

• ... .i. 'H1 .  • , 

©",® 6 
I 

(a) (b) 
Fig. 5. (a) X - N  and (b) multipole deformation maps in the plane 

defined by atoms involved in the N-H(1) . . .O(1)  hydrogen 
bond. Contours are at 0.06 e ,~,-3 intervals. 

higher-resolution data. It is also of interest to note that 
the C - C  and C - O  bond regions in a-glycine and in the 
corresponding parts in a-glycylglycine (Kvick, Koetzle 
& Stevens, 1979) are virtually identical, indicating very 
little disturbance of the glycine molecule as it enters 
into the dipeptide. The main differences occur in the 
areas outside the O atoms. 

In the X - N  maps the deformation density peaks are 
located markedly closer to the C atom in the C - O  
bonds and also closer to the N atom in the C - N  bonds, 
in agreement with the 82 K studv of a-glycylglycine 
anct Wltll the theoretical map. These features do not 
appear in the multipole deformation maps, where all 
peaks are centered on the covalent bonds half way 
between the C, N, and O atoms. 

Fig. 4 illustrates the density in a plane perpendicular 
to the C - C  and C - O  bonds as found by plotting the 
multipole deformation functions. The C - O  and C - C  
bond distances suggest partial n-bonding character in 
these bonds. This assumption is nicely corroborated by 
the elongation of the peaks perpendicular to the plane 
of the molecule. 

Fig. 5 illustrates the electron densities in the shortest 
hydrogen bond N--H(1). . .O(1) where the H(1). . .  
O(1) distance at 120 K is 1.722 (1)/k. Both the X--N  
and multipole methods qualitatively give the same 
picture of the hydrogen bond. In accordance with the 
electrostatic model of hydrogen bonding, no charge 
build-up is found in the bond. The positive side of the H 
atom points towards the O atom. In the multipole 
procedure the H points towards a small peak in the 
lone-pair region. 

The X - N  maps and the other multipole maps of the 
hydrogen bonds, however, show very little sign of 
lone-pair directionality. The smooth electrostatic poten- 
tial around the O atoms (see Alml6f et al., 1973) gives 
considerable geometrical freedom in forming the 
hydrogen bonds. 

The authors would like to thank Professor Ivar 
Olovsson for the facilities he has put at our disposal, 



JEAN-PIERRE LEGROS AND /kKE KVICK 3059 

and Mr Hilding Karlsson for valuable technical 
assistance. One of us (J-PL) was the recipient of a 
travel grant from the Swedish National Research 
Council and the Centre National de la Recherche 
Scientifique. 

References 

ABRAHAMS, S. C. & KEVE, E. T. (1971). Acta Cryst. A27, 
157-165. 

ALMLOF, J., KVlCK, A. & THOMAS, J. O. (1973). J. Chem. 
Phys. 59, 3901-3906. 

BATS, J. W., COPPENS, P. • KOETZLE, T. F. (1977). Acta 
Cryst. B33, 37-45. 

BECKEa, P. J. & COPPENS, P. (1974). Acta Cryst. A30, 
129-147. 

BECKER, P. J. & COPPENS, P. (1975). Acta Cryst. A31, 
417-425. 

COPPENS, P., LEISEROWITZ, L. & RAnINOVXCH, D. (1965). 
Acta Cryst. 18, 1035-1038. 

GRIFFIN, J. F. & COPPENS, P. (1975). J. Am. Chem. Soc. 97, 
3496-3505. 

HAREL, M. & HIRSHFELD, F. L. (1975). Acta Cryst. B31, 
162-172. 

HIRSHFELD, F. L. (1971). Acta Cryst. B27, 769-781. 
HIRSHFELD, F. L. (1977). Isr. J. Chem. 16, 226-229. 
International Tables for X-ray Crystallography (1974). Vol. 

IV. Birmingham: Kynoch Press. 
J6NSSON, P.-G. & KvIcg, A. (1972). Acta Cryst. B28, 

1827-1833. 
KVICK, /k., CANNING, W. M., KOETZLE, T. F. (~. WILLIAMS, 

G. J. B. (1980). Acta Cryst. B36, 115-120. 
KVICK, ./k. & KOETZLE, T. F. (1980). To be published. 
KVICK, ,/k., KOETZLE, T. F. & STEVENS, E. O. (1979). J. 

Chem. Phys. 71, 173-179. 
LEHMANN, M. S. & LARSEN, F. K. (1974). Acta Cryst. A30, 

580-584. 
LLrNDGREN, J. O. (1979a). Crystallographic Computer 

Programs. Report UUIC-B13-4-04. Institute of Chemis- 
try, Univ. of Uppsala, Sweden. 

LUNDGREN, J. O. (1979b). Acta Cryst. B35, 1027-1033. 
LUNDGREN, J. O. & LIMINGA, R. (1979). Acta Cryst. B35, 

1023-1027. 
STEWART, R. F., DAVIDSON, E. R. & SIMPSON, W. T. (1965). 

J. Chem. Phys. 42, 3175-3187. 

Acta Cryst. (1980). B36, 3059-3063 

S truktur yon t rans -  3,6-Dimethoxy- 1,2,4,5-tetraaza- 3,6-diphosphaey elohexan- 3,6-disulfid 

VON UDO ENGELHARDT UND GERD DIETER JORGENS 

Institut fffr A norganische und A nalytische Chemic der Freien Universitdt Berlin, D- 1000 Berlin 33, 
Bundesrepublik Deutschland 

(Eingegangen am 18. April 1980; angenommen am 21. Juli 1980) 

Abstract 

C2HIoN402P2S 2 is triclinic, Pi ,  with a = 6.396 (2), b = 
7.987 (2), c = 9.652 (3)A, a = 89.23 (10), fl = 
86.24(10), y = 87.92 (10) °, V =  491.7 (9)A3,  z = 2, 
D c -- 1.676 Mg m -3. The structure was solved by 
direct methods and refined to R = 0.068 (R w = 0.048). 
The two symmetry-independent centrosymmetric mole- 
cules show a flattened chair conformation for the 
saturated six-membered rings [mean torsional angle of 
ring bonds 44.2 (1.9)°]. The S atoms are in equa- 
torial, the methoxy groups in axial positions. Mean 
bond distances: N - N  1.435 (7), P - N  1.663 (8), P - S  
1.897 (3), P - O  1.551 (7) and O - C  1.484 (11)/l,. 

Einleitung 

Bei Strukturuntersuchungen an dem Isomerenpaar 
trans- und cis-3,6-Diphenoxy- 1,2,4,5-tetraaza-3,6-di- 
phosphacyclohexan-3,6-disulfid (trans- und cis-Dithio- 

0567-7408/80/123059-05501.00 

dihydr azidodimetaphosphors ~iurediphenylester) ( 1 a) 
und (2a) hatten wir gefunden, dass das trans-Isomere 
die erwartete Sesselkonformation des ges~ittigten 
Phosphor-Stickstoff-Ringsystems besitzt, w~ihrend das 
cis-Isomere im KristaU in der ungew6hnlichen Twist- 
konformation vorliegt (Engelhardt & Hartl, 1975a,b, 
1976). Inzwischen haben wir auch die entsprechenden 
Dimethoxy- und Diethoxy-Verbindungen (lb), (2b), 
(lc) und (2c) und einige N-methylierte Derivate von 
(la) und (2a) dargestellt und in fast allen F/illen in die 
reinen Isomere aufgetrennt (Engelhardt & Jiirgens, 
1977; Engelhardt & Merrem, 1977; Engelhardt, Mer- 
rem & Bauer, 1979; Merrem, Ehehalt & Engelhardt, 
1979; Jfirgens, 1979). Kernresonanzspektroskopische 
Untersuchungen machen sehr wahrscheinlich, dass in 
L6sung in vielen F~illen jeweils das cis-Isomere (2) die 
Twistkonformation bevorzugt, das trans-Isomere (1) 
dagegen die Sesselkonformation. Diese Ergebnisse 
sollten sich durch R6ntgenstrukturuntersuchungen an 
einem weiteren Isomerenpaar best~itigen und absichern 
lassen. Da es erst vor ganz kurzer Zeit gelang, auch 
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