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A study has been made of the crystal structure and electron density distribution of 
(CDJ2(OH)C-C~--C-C(OH) (CD3)2 by X-ray diffraction at 90 K. The intensities were measured with 
monochromatized Mo radiation (graphite monochromator) on a CAD4 diffractometer with the 0/20 
step-scan technique, (sin 0)/2 < 1.0 ~-1. Care was taken to obtain a homogeneous X-ray beam and to 
avoid multiple diffraction. Profile analysis was used to determine the integrated peak intensities. The 
compound is triclinic, Pi,  a = 8-483 (3), b = 9.933 (3), c = 8.801 (3) A, ~ = 95.63 (3), fl = 85.57 (3),), = 119.63 (3) ° 
at 90 K, Z = 3. A least-squares refinement with all reflexions gave R = 0.045. For the study of the deforma- 
tion density the atomic parameters were determined by a least-squares refinement based on reflexions with 
(sin 0)/2 > 0.70 A- 1. The [Fo - Fc(HO)] map was calculated with the reflexions having (sin 0)/2 < 0"65 A- 1. 
Deformation density maxima of 0.58 and 0.36 e A- 3, tr = 0.025 e A- 3, were observed for the triple and single 
C-C bonds respectively. At C-O the maximum is much lower, 0"09 e A- 3. The integrated electron contents 
of the maxima are 0.28 for C-C and 0.07 for C-C, in good agreement with the dynamical difference density 
calculated for a model compound by ab initio methods (6,3/3 GTO basis set). The lone-pair regions of the 
O atoms are positive with a tendency for the electrons to contract around the hydrogen bonds. 

Introduction 

The work described in the present paper is part  of the 
research being done in Groningen  on accurate electron 
density distr ibutions in single, double and triple C - C  
bonds. The series of compounds  studied is 

CH3 CH3 

1 I 
H 3 C - C - - C H ( 3  - p)-P CH(3 - p ) - C - - C H  3 

I I 
O H  O H  

where p = 1, 2 or 3 for a single, double or triple bond. 
F r o m  earlier structure determinat ions  (Helmholdt ,  
Ruysink, Reynears & Kemper,  1972; Ruysink & Vos, 

dis tr ibut ion for the compound  with p = 3. The deuterated 
compound  in which the CH3 groups are replaced by 
CD 3 groups was used. This compound  will be referred 
to as III-D. 

Synthesis and crystallization 

For  the X-ray diffraction work the deuterated com- 
pound was chosen as inelastic neutron diffraction work 
might  have been necessary to determine the dispersion 
curves of the crystal. These curves can be used for the 
calculation of the errors in the intensities due to thermal  
diffuse scattering. Except for some minor  modifica- 
tions the D compound  was synthesized according to 
the method described by Mildner  & Weedon (1953) for 
the H analogue:  

2C2HsBr + Mg -~ 2C2HsMgBr  

2C2HsMgBr  + HC~=CH ~ BrMgC~--CMgBr + 2C2H6 

BrMgC~--CMgBr + 2 C D a C O C D 3  ~ (CDa)EC(OMgBr).C=-CC(OMgBr) (CD3)2 

oc~/o2o (CD3)2C(OD)C~CC(OD) (CD3)2 + 2MgC1Br. 
(B) 

1974a; He lmhold t  & Reynaers, 1976) we concluded 
that  the crystals are of sufficient quali ty for accurate 
work. The present paper  describes the structure deter- 
mina t ion  and interpretat ion of the electron density 

* Present address: Netherlands Energy Research Foundation 
(ECN), Petten (N.H.), The Netherlands. 

As the easy exchange of hydroxyl  D by H atoms will 
vary the D content with time, the O D  groups in B were 
converted to O H  groups by dissolving B repeatedly 
in acetone and evaporat ing the solvent. The %D in 
CD3 was found to be 97 ___0.5% by P M R  methods.  

Good  crystals were obtained by slowly cooling a hot 
saturated solution of III-D in ether: n-petane, 2: 1. 
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Experimental 

A crystal of good quality with a small mosaic spread 
(<0.2°; Helmholdt & Vos, 1976) and a maximum 
dimension of 0.48 mm was chosen. To obtain accurate 
intensities a monochromatic homogeneous X-ray 
beam (Mo radiation) was used, multiple diffraction 
was avoided as much as possible and profile analysis 
was done to determine the correct peak width. 

Monochromatization of X-ray beam 

A pyrolytic graphite monochromator M (reflecting 
plane 002, 0=6"1 ° , mosaic spread 0"5 ° ) was placed 
between the X-ray source and the crystal. This device 
caused the incident beam to be inhomogeneous, how- 
ever, in the direction rE (Fig. 1). At the position of the 
crystal the intensity distribution of the beam along rE 
was dumb-bell shaped (half width 0.8 mm). The central 
part of the dumb-bell could be flattened by absorption 
of the X-rays by a (cylindrical) glass rod placed parallel 
to r a in the beam. In this way a plateau which was 
homogeneous within 1% over a distance of 0"5 mm 
along r 2 was obtained (de Boer, 1974). The value 0"03 
obtained for A2/2 is much better than for balanced 
filters (A2/2 = 0-05; Verschoor, 1967). For the polariza- 
tion factor the formula given by Azaroff (1955; Q = 90 ° 
in our case) was applied: 

P(O)=(1-k) 
COS 2 20c + COS 2 20M 

1 + COS 2 20M 

cos 2 20c + Icos 20MI 
+k  

1 + [cos 20MI ' 

0M and Oc being the glancing angles for the mono- 
chromator and the crystal respectively. For our device 
P(O) does not depend much on k. The value 0"65 
measured for k by Hope (1971) was tentatively assumed 
to be correct for our monochromator. The error due to 
a wrong choice of k is maximal 0.89/o (in the case k =  
0-00). 

Treatment of multiple diffraction 

The occurrence of multiple diffraction has been des- 
cribed by Coppens (1968): his formula (1) shows that 
the effect is small for high-order reflexions H1. In this 
case either H2 or H3, with H3 = H 1 -HE,  is also of high 
order, giving small values for the reflecting powers 
roa and either roE or r23. To avoid errors due to multiple 
diffraction the intensities of the reflexions hkl were 
measured for three different azimuth angles ( -  5, 0 and 
5°). For (sin 0)/2>0.565 A,-a the average of the three 
intensities was taken. For (sin 0)/2<0.565 A-  ~ the 
program M ULREF was used to check whether the 
intensities were affected by multiple diffraction. As 
reflexions H2 (Coppens, 1968) the 84 strongest re- 
flexions were considered. For 94% of the measured 
intensities MULREF indicated the presence of mul- 
tiple diffraction. This high percentage is due to the 

Ewald sphere having a large radius 1/2. In many cases 
more than one reflexion H2 lies on the Ewald sphere 
simultaneously with Ha. As the resulting changes in 
the intensity of Ha may (partly) cancel each other, the 
following procedure was used to eliminate large net 
errors due to multiple diffraction. 

Each individual intensity was compared with the 
average value of the set of three measured intensities. 
For 6.2% of the sets differences larger than 2.5 times 
the standard deviation in the difference occurred. 
With the aid of MULREF for 46 intensities the dif- 
ference could be ascribed to multiple diffraction. After 
the 46 intensities had been removed from the list, for 
each reflexion hkl the intensity was obtained by taking 
the average value of the remaining intensities of the 
corresponding set. 

The laborious procedure described above suggests 
that the occurrence of multiple diffraction should be 
avoided by on-line procedures during the intensity 
measurement. 

Prof'de analysis 

To determine the background as close to the peak as 
possible the step-scan technique was used, each scan 
range being divided into 96 equal steps. Before 
analysis of the profiles the measured data were 
smoothed (Whittaker & Robinson, 1949; e=0.01). 
For the strongest reflexions (15%) the smoothing was 
used only for the flanks of the peaks as the procedure 
did not work well for the central part of the peaks. Peak 
intensities were calculated as the sum of the un- 
smoothed step intensities. 

If after smoothing none of the step intensities was 
larger than Pmi,, + 26(Pmin), Pmin being the minimum 
step intensity, or if the maximum of the profile was not 
within 10 steps from the calculated reflexion position, 
the net integrated intensity was set equal to zero. Apart 
from accounting for the Kc~ doublet, the first minimum 
seen either on the left or the right of the central part 
of the smoothed profile was considered as the end point 
of the peak. The background on the left (right) was 
calculated as the average of the unsmoothed intensities 
of the steps beyond the end point of the peak. 

-t2 £2 

(002) 

Fig. 1. Schematic view of X-ray beam from tube to counter, rl is 
parallel to the reflecting plane of M and perpendicular to the beam 
reflected by M, r 2 is parallel to the diffracting plane and per- 
pendicular to rl. For further explanation see the text. 
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Table 1. Experimental details 

Temperature 90 K Crystal dimensions max. 0.48 mm 
(sin 0max)/2 1"0 ~ -  x Number of boundary planes 13 
Radiation Mo K0c Mosaic spread < 0.2 ° 
Scan method 0/20 Slit width 1-265 ° 
Scan range (o) 

0<35 ° l + 2 t g 0  
0>35 ° 2 

Number of independent reflexions (a) 10843 
of which Io > 0 (b) 8997 
of which ]Fo[ > 3crc (c) 8255 

Number of LO reflexions, (sin 0)/2 < 0"65 A-  1 (a) 2950 
(c) 2688 

Number of HO reflexions, (sin 0)/2 > 0.7 A-  1 (a) 7156 
(b) 4927 

Data collection 

The profiles were collected on an Enraf-Nonius four- 
circle diffractometer CAD4. The crystal was cooled to 
90 K by a stream of cold nitrogen gas (van Bolhuis, 
1971). Experimental details are given in Table 1 and the 
crystallographic data in Table 2. 

Table 2. Crystallographic data at 90 K 
Space group P1 
a 8-483 (3) At  e 95.63 (3) ° 
b 9"933 (3) /3 85-57 (3) 
c 8-801 (3) 3' 119.63(3) 
V 641.1 A 3 Z 3 
p(Mo) 0"837 cm-  1 

t Cell dimensions from diffractometer measurements. 

Every hour the orientation of the crystal and the 
intensity of three reference reflexions were checked. The 
profiles were corrected for changes in intensity before 
analysis. The intensities were corrected for Lorentz and 
polarization effects and for absorption (Busing & Levy, 
1957). 

Structure refinement 

The structure was obtained from the data collected 
for the H compound (Helmholdt, Ruysink, Reynaers & 
Kemper, 1972) by symbolic addition (Karle & Karle, 
1966). There are two molecules (A) in general positions 
and one molecule (B) at an inversion centre. For the 
numbering of the atoms see Fig. 2. The structure was 
refined by the least-squares program of the X-RAY 
1972 system (Stewart, Kruger, Ammon, Dickinson & 
Hall, 1972). Scale and overall temperature factors were 
put in one block and the parameters of A and B in 
second and third blocks respectively. Scattering factors 
for the heavy atoms were taken from Doyle & Turner 
(1968) and for H from Stewart, Davidson & Simpson 
(1968). For the heavy atoms anisotropic and for the D 
and H atoms isotropic temperature factors were used. 
Large thermal ellipsoids were found for O(1), C(2) and 
C(3) (Fig. 3), indicating either a large libration or 
static disorder about C(4)-C(5). To take the smearing 
of O(1), C(2) and C(3) into account each was split up 
into two atoms along the direction of the largest main 

axis of its ellipsoid. The splitting was chosen such that 
the remaining U value was equal to the average of the 
U, values of C(8), C(9) and O(10). Each D or H atom 
was split in the same way as the atom to which it is 
bound. This procedure gives, after refinement, a flat 
difference map in the region of the C(4) [OH(CD3)2] 

G. 
11 

~0(1) 4~LL (~2 0 ~ 12 

: )  
B 

Fig. 2. Molecules of 2,5-dimethyl-3-hexyn-2,5-diol. A at a general 
position, B at an inversion centre. 

Fig. 3. Thermal ellipsoids for the group C(4)[OH(CD3)2] (before 
splitting) and the group C(7)[OH(CD3)2] seen along C(4)-C(5) 
and C(7)-C(6) respectively. 
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group.  This  region  c a n n o t  be used for e lec t ron densi ty  
studies, however .  

D u r i n g  the final  re f inement  cycles the 8255 reflexions 
wi th  [Fol > 3a(Fo) were cons idered  and  the pos i t ions  of  
the H and  D a toms  were cons t r a ined  wi th  O - H  = 0"97 
and  C - D  = 1-08 A. The  weight ing  scheme was 

w=[a~ +4"54 x 10-41Fo[ 2 - 1"7 x 10-81Fo14] - 1, 

2 is the var iance  in [Fol due to coun t ing  statis- where  Oc 
tics. Each  of the f rac t iona l  a t oms  was given a mult i -  
pl ici ty of  0.5. An ex t inc t ion  cor rec t ion  (Zachar iasen ,  
1967, 1968) was no t  s ignif icant  and  was therefore  no t  
appl ied  in the final  cycles. The  residuals  are R =  
ZIFo-FcI/ZIFoI=O'045 and  Rw=[Z,w(Fo-Fc)2/ 
E wF 2] 1/2= 0.062. The  a tomic  pa ramete r s  are given in 
Tables  3 and  4.* 

High-order refinement 

To keep  the errors  due to the a s s u m p t i o n  tha t  the elec- 
t ron  d i s t r ibu t ion  of  the stat ic a toms  is spher ical  as small  
as possible,  a h igh -o rde r  (HO) re f inement  was done  
(O 'Conne l l ,  1969; Hanson ,  Sieker & Jensen,  1973) wi th  
reflexions hav ing  (sin 0)/2 > 0"7 /~-  1. Before the refine- 
men t  was s tar ted  the pa rame te r s  of  the f rac t ional  a t oms  
of  the g roup  C(4) [OH(CD3)2 ]  were ad jus ted  to the 
low-order  (LO) reflexions, (sin 0) /2<0-65  A - 1 ,  by a 
ful l -matr ix  least-squares  re f inement  in which  the full- 

* A list of structure factors has been deposited with the British 
Library Lending Division as Supplementary Publication No. 
SUP 32409 (30 pp.). Copies may be obtained through the Executive 
Secretary, International Union of Crystallography, 13 White Friars, 
Chester CH1 1NZ, England. 

angle  (FA) pa rame te r s  o f  the r ema in ing  a toms  were 
kep t  cons tan t .  In the fol lowing H O  ref inement  the L O  
pa rame te r s  of the f rac t iona l  a toms  were kep t  fixed. 
In this way the d e f o r m a t i o n  densi ty  m a p  to be cal- 
cula ted  with the L O  reflexions remains  flat in the 
n e i g h b o u r h o o d  of  the d i sordered  group.  The  indices 

Tab le  4. Final atomic coordinates ( x  10 5) and thermal 
parameters for hydrogen and deuterium after the full- 

angle refinement 

x y z B (A 2) 
H(Ola) 58250 19025 81196 6-8 (11) 
H(O 1 b) 52444 15303 77776 2-1 (4) 
D(C2a-1) 24249 33715 82334 3"3 (7) 
D(C2a-2) 36150 35550 95995 3"3 (6) 
D(C2a-3) 21468 18511 88591 4-6 (8) 
D(C2b-1) 24171 30547 81540 4.5 (8) 
D(C2b-2) 36072 32382 95201 2"5 (6) 
D(C2b-3) 21390 15343 87797 3"8 (7) 
D(C3a-1) 69527 45829 64970 4"2 (9) 
D(C3a-2) 54917 51607 66357 9"5 (16) 
D(C3a-3) 67042 51736 81285 6-8 (12) 
D(C3b-1) 66233 44005 64418 12-6 (22) 
D(C3b-2) 51623 49783 65805 3"1 (7) 
D(C3b-3) 63748 49912 80733 2-6 (7) 
D(C8-1) 4593 7684 32558 2"5 (2) 
D(C8-2) 11999 2274 15121 3"0 (2) 
D(C8-3) 25559 20718 24116 3"0 (3) 
D(C9-1) 839 - 16554 43431 2.7 (2) 
D(C9-2) 8794 -21829 26320 3"1 (3) 
D(C9-3) 19669 - 19753 43081 2-3 (2) 
H(O10) 48610 12560 21205 5"6 (4) 
D(C13-1) 1505 56874 64859 4"5 (3) 
D(C 13-2) 15006 48467 67257 4.6 (3) 
D(C13-3) 24679 67577 61028 4-I (3) 
D(C 14-1) 1556 77110 86776 3-6 (3) 
D(C14-2) 19528 86221 98432 4"2 (3) 
D(C14-3) 23486 88849 78845 3"0 (2) 
H(O15) 39108 72469 98353 6"9 (4) 

Tab le  3. Final atomic coordinates ( x 10 5) and thermal parameters ( x 10 4) for carbon and oxygen 
after the full-angle refinement 

For numbering of atoms see Fig. 2. The standard deviations calculated by the least-squares program are given in parentheses. The temperature 
factor is defined as 

exp [ - 2 7 z 2 ( h 2 a  . 2  U l 1 + k2b*2 U2 2 "q-/2C'2 U3 3 + 2hka*b* U12 + 2klb*c* U2 3 + 2hla*c* Ua 1)] 

X y Z Ull U22 U33 U12 U31 U23 
O(la) 57730 (15) 24082 (15) 81077 (13) 195 (4) 254 (5) 181 (4) 154 (4) -44  (3) - 2  (3) 
O(lb) 51895 (21) 20430 (17) 84548 (15) 491 (8) 345 (7) 239 (6) 330 (7) - 199 (5) - 120 (4) 
C(2a) 30812 (65) 29438 (44) 85542 (50) 221 (7) 351 (15) 204 (9) 187 (11) -41 (6) -96  (10) 
C(2b) 30987 (58) 26471 (40) 86408 (45) 175 (6) 249 (I0) 144 (5) 126 (7) 1 (4) -20  (6) 
C(3a) 57791 (38) 45608 (31) 71241 (35) 240 (8) 144 (5) 209 (5) 75 (5) -23 (5) - 12 (4) 
C(3b) 61054 (39) 43780 (31) 71772 (35) 319 (12) 208 (9) 215 (7) - 53 (7) - 6 (8) -40  (6) 
C(4) 45794 (7) 28240 (6) 75125 (5) 151 (2) 150 (2) 134 (2) 82 (I) - 39 (I) - 36 (1) 
C (5 )  3 8 2 2 3 ( 7 )  1 8 6 8 0 ( 6 )  60908(5) 157(2) 157(2) 136(2) 77(1) -34(1) -26(1) 
C (6 )  3 2 4 8 0 ( 7 )  1 1 0 3 9 ( 5 )  49108(5) 148(2) 138(2) 123(1) 66(1) -22(1) -12(1) 
C (7 )  25756(6) 1937(5) 34452(5) 118(I) II0(1) 105(1) 49(1) -1 ( I )  -2(1) 
C(8) 16390 (8) 8659 (6) 26038 (6) 210 (2) 197 (2) 156 (2) 127 (2) -44  (1) - 8 (1) 
C ( 9 )  1 2 9 4 4 ( 7 )  -15117(6) 37116(6) 170(2) 122(2) 157(2) 30(1) 25(1) 15(1) 
O(I0) 40698 (5) 2508 (4) 25201 (4) 139 (1) 146 (1) 173 (1) 59 (1) 48 (1) 13 (1) 
C(ll) 5360(6) 54498(6) 95601 (5) 118(2) 162(2) 137(2) 39(1) 47(1) 52(1) 
C(12) 1 7 9 2 7 ( 6 )  6 6 0 2 7 ( 5 )  84904(5) 106(1) 140(1) 119(1) 35(1) -2(1) 43(1) 
C(13) 14568 (9) 59204 (8) 68430 (6) 283 (3) 240 (2) 117 (2) 31 (2) - 43 (2) 27 (2) 
C(14) 15735 (8) 80478 (7) 87181 (7) 192 (2) 214 (2) 296 (2) 127 (2) 60 (2) 108 (2) 
O(15) 3 6 2 2 9 ( 5 )  7 0 0 2 6 ( 4 )  87632(5) 106(1) 158(1) 212(2) 51 (1) 000 (1) 45(1) 
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Table 5. Final atomic coordinates (x 10 5) and thermal parameters (x lO¢) for carbon and oxygen 
after high-order refinement 

The parameters of the fractional atoms were obtained from a low-order refinement (see text). 

x y z UI! U22 U33 U12 U31 U23 
O(la) 57790 24083 81016 191 264 189 152 - 5 1  - 7  
O(lb) 51969 20467 84474 477 339 240 319 - 190 - 107 
C(2a) 30351 29157 85502 248 442 185 252 - 4 2  - 9 6  
C(2b) 31362 26720 86444 146 296 154 146 - 31 - 33 
C(3a) 57734 45605 71150 242 159 229 65 - 32 - 28 
C(3b) 61000 43860 71789 316 220 198 - 4 8  - 2 3  - 3 9  
C(4) 45796(7) 28236(6) 75120(6) 153(1) 152(1) 139(1) 84(I) - 3 7 ( 1 )  - 3 7 ( 1 )  
C(5) 38225 (7) 18690 (6) 60930 (6) 164 (1) 161 (1) 134 (1) 79 (1) - 4 0  (1) - 34 (1) 
C(6) 32472(7) 11041 (6) 49096(5) 155(1) 144(1) 124(1) 69(1) - 2 7 ( 1 )  - 1 9 ( 1 )  
C(7) 25763 (6) 1939 (5) 34446 (5) 122 (1) 113 (1) 109 (1) 51 (1) - 2 (1) 1 (1) 
C(8) 16374 (9) 8646 (7) 26044 (6) 213 (2) 203 (2) 161 (1) 130 (2) - 4 4  (1) - 7 (1) 
C(9) 12922(8) -15113(6)  37110(6) 173(2) 128(1) 160(1) 34(I) 22(1) 15(1) 
O(10) 40699(6) 2511(5) 25215(5) 142(1) 147(1) 176(1) 60(1) 46(1) 14(1) 
C(11) 5378 (7) 54507 (6) 95577 (6) 121 (1) 165 (1) 143 (1) 38 (1) 10 (1) 61 (1) 
C(12) 17943(6) 66025(6) 84906(5) 112(1) 142(1) 121 (1) 37(1) - 2 ( 1 )  43(1) 
C(13) 14586 (12) 59206 (9) 68428 (7) 289 (3) 241 (2) 125 (2) 31 (2) - 4 2  (2) 27 (1) 
C(14) 15770 (9) 80501 (9) 87218 (9) 194 (2) 219 (2) 295 (3) 128 (2) 60 (2) 108 (2} 
O(15) 36224(6) 70002(5) 87587(6) 113(1) 160(1) 210(1) 55(1) 2(1) 45(1) 

Table 6. Final atomic coordinates (x 105) and thermal 
parameters for hydrogen and deuterium after high-order 

refinement 
x y z B (/~2) 

H(O la) 58250 19025 81196 11.9 
H(Olb) 52444 15303 77776 2.1 
D(C2a-1) 24249 33715 82334 3.0 
D(C2a-2) 36150 35550 95995 3.0 
D(C2a-3) 21468 18511 88591 4.2 
D(C2b-1) 24171 30547 81540 5.1 
D(C2b-2) 36072 32382 95201 2"0 
D(C2b-3) 21390 15343 87797 3-7 
D(C3a- 1) 69527 45829 64970 3.8 
D(C3a-2) 54917 51607 66357 15-6 
D(C3a-3) 67042 51736 81285 8"8 
D(C3b-1) 66233 44005 64418 15"6 
D(C3b-2) 51623 49783 65805 2" 1 
D(C3b-3) 63748 49912 80733 1.9 
D(C8-1) 4577 7671 32564 3.4 (9) 
D(C8-2) 11983 2261 15127 3.7 (11) 
D(C8-3) 25543 20705 24122 4.0 (12) 
D(C9-1) 817 - 16550 43425 3.7 (10) 
D(C9-2) 8772 -21825 26314 3-1 (8) 
D(C9-3) 19647 - 19749 43075 3.7 (10) 
H(O10) 48611 12563 21219 3.4 (9) 
D(C13-1) 1523 56876 64857 4.7 (17) 
D(C13-2) 15024 48469 67255 18-5 (435) 
D(C13-3) 24697 67579 61026 4.1 (13) 
D(C14-1) 1591 77133 86813 4.7 (17) 
D(C14-2) 19563 86244 98469 5.5 (24) 
D(C14-3) 23521 88872 78882 3.4 (9) 
H(O15) 39103 72445 98308 4.9 (17) 

are R =0.052 and Rw =0"051. The atomic parameters 
are given in Tables 5 and 6. 

Discussion of the structure 

A projection of the structure along [001] is given in 
Fig. 4. Molecules A and A' around an inversion centre 
are linked by hydrogen bonds of the type O(1}- 
H . - .  O(10'). Clusters A-A' are linked to chains in the 

c direction through the hydrogen bond system 
O(10)-H. • .O(15')-H. • . O ( 1 , z -  1). Fig. 4 also shows 
that successive chains in the [001] direction are 
connected by molecules B, giving layers parallel to 
(i10) (Fig. 5). Neighbouring layers are linked by van 

Fig. 4. Projection along [001] on to the plane perpendicular to [001]. 
O = C, @ = O, O = H. Molecules at general position are given by 
A and A' (related to A by inversion). Molecules at special positions 
are indicated by B. D atoms of CDa groups are not given. For  the 
split atoms the mean position has been taken. Hydrogen bonds 
are indicated by ---, but by --- and .'. if one O atom forms hydrogen 
bonds with two successive molecules in the c direction. 
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der Waals interactions only, which explains the easy 
cleavage of the crystals along (110). 

The group C(4) [OH(CD3)2] with C "  "C> 3"89/k 
lies at larger distances from the surrounding molecules 
than the remaining groups C[OH(CD3)2-1 with 
C - . .  C>3-69 A. This can explain the large libration, 
or disorder, of the group C(4) [OH(CD3)2] about 
C(4)-C(5). 

The geometry of the hydrogen bonds is given in 
Table 7. Two of the bonds are nearly linear. For the 
largest hydrogen bond only one O-atom lone pair is 
involved in the bonding; the other two bonds make use 
of both O lone pairs. 

Analysis of the thermal parameters (Cruickshank, 
1956) showed that the molecules cannot be considered 
as rigid bodies. Therefore the bond distances and 
angles given in Tables 7 and 8 are not corrected for 
libration. In agreement with the decreasing influence 
of the valence electrons for the HO refinement we can 

) 

Fig. 5. Projection of one layer from Fig. 4 on to the plane (il0). 

clearly detect trends in the bond lengths going from FA 
to HO. For FA C=C is 0.004 /~ shorter and C(sp) 7 
C(sp 3) 0"002 A longer than for HO, while C-O is 0.002 A 
longer due to the lone-pair electrons of oxygen. The 
HO value of 1.208 A for C-=C is approximately equal to 
the value of 1.206 A found for ethyne (Lide, 1962). The 
C(sp)-C(sp 3) bonds, 1.474 A, are shorter than the 
C-CH3 bonds, 1.527 A. They are larger, however, than 
the value of 1.459 A found by Lide (1962). As observed 
in other glycols (Jeffrey & Shen, 1972; Helmholdt & 
Reynaers, 1976) in the groups -C(CH3)2OH the angles 
C-C-O are generally smaller than the angles C-C-C. 
The C-O lengths can be compared with the values 
observed by Ruysink & Vos ~1974a) for the C-O bonds 
in trans (1"436 and 1"452 A) and in cis (1.432 and 
1.440 A) 2,5-dimethyl-3-hexene-2,5-diol, with the value 
of 1.444 A observed for 2,5-dimethylhexane-2,5-diol 
(Helmholdt & Reynaers, 1976) and with the value of 
1-459 & (Jeffrey & Shen, 1972). No explanation has yet 
been found for the variation in these bond lengths. 

Deformation densities 

Sections of the [Fo-Fc(HOp~r)] difference map were 
calculated with the LO reflexions, (sin 0)/2 < 0"65 A- 1, 
having IFol > 3or (IFol). This difference density, the so- 
called deformation density, represents the change in 
density due to the formation of chemical bonds. In 
Figs. 6 and 7 sections through the single and triple C-C 
bonds are given. Fig. 8 gives information on the density 
in the sections perpendicular to the C-=C or C-C bonds 
and going through the centres of the bonds. Approx- 
imate circular symmetry is expected for the deforma- 
tion density D in these sections. Fig. 8 shows the 
average value of D(r) as a function of the distance r 
from the bond. The deviation from circular symmetry 
is given by 

C= r(D = ½Dmax, r 1) / r (D  = ½Dmax, r2) 

in which rl and r 2 are the directions in the section with 
the largest and smallest change in density, respectively. 
Fig. 9 shows sections for the lone-pair regions. 

Table 7. Geometry of the hydrogen bonds 
Distances in A and angles in degrees. The numbering is as follows 

/ 
C(p)-O(q}--H(r)''' O(s) 

\ 

C(u) 

H(t) 

L angle between line q-s  and plane s,t,u. If both lone pairs of O(s) take part in the bond L = 0  and if one lone pair is involved L = 5 5  °. 

q s q-s r-s q - r - s  p--q-r p -q - s  t - s -u  q - s - t  q - s -u  L 

O(10) O(15') 2-745 1.78 174 114 116"9 113 103 108"6 60 
O(1)* O(10') 2"690 2"lt 161 115 129"4 114 122 124"1 5 
O(15') O(1)* 2"696 1"73 177 113 114"1 115 121 123-6 9 

* Based on the average position of O(la), O(lb) and H(Ola), H(Olb). 
t Inaccurate as positions of the fractional hydrogen atoms H(O l a) and H(Olb) were not constrained during the refinement. 
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Table 8. Bond lengths and angles 
Standard deviations, calculated from those in Tables 3-6, x 1-5 are 0"001-0.002 A and less than 0.12 °. 

FA HO* FA HO 
C(4)--C(2) (1"522) (1"524) O(1)-C(4)-C(2) (106"4) (106"7) 
C(4)--C(3) (1"525) (1"520) O(1)-C(4)-C(3) (108.0) (108.1) 
C(7)--C(8) 1-529 1.529 O(1)-C(4)-C(5) (109.8) (109.8) 
C(7)--C(9) 1.524 1.525 C(2)-C(4)-C(3) (110.6) (110.4) 
C(12)-C(13) 1-524 1.524 C(2)-C(4)-C(5) (110.9) (110.8) 
C(12)-C(14) 1-529 1.530 C(3)-C(4)-C(5) (109.8) (109.7) 

(C-CD3) 1.527 1 . 5 2 7  C(4)iC(5)--C(6) 178.3 178.2 
C(5)--C(6)--C(7) 178.8 178.8 
C(11')-C(11)-C(12) 176.7 176.7 

C(4)--C(5) 1-472 1.470 C(6)-C(7)-0(1 O) 109-4 109.4 
C(6)--C(7) 1.477 1 . 4 7 6  C(8)-C(7)-0(10) 109.4 109.5 
C(11)-C(12) 1.478 1 . 4 7 6  C(9)-C(7)-0(10) 106.4 106.5 

C(6)-C(7)-C(8) 109.9 109.8 
(C(sp)-C(sp2)) 1.476 1.474 C(6)-C(7)-C(9) 110.5 110.6 
C(5)--C(6) 1.204 1.207 C(8)-C(7)-C(9) 111-1 110.9 
C(11)-C(11') 1.204 1.208 
(C~_-C) 1-204 1 - 2 0 8  C(11)-C(12)-O(15) 109"6 109"8 

C(13)-C(12)-O(15) 105"7 105-5 
C(4)--O(1) (1"441) ( 1 . 4 4 1 )  C(14)-C(12)-O(15) 110.2 110.2 
C(7)--O(10) 1.432 1 . 4 3 1  C(11)-C(12)-C(13) 110.9 110.9 
C(12)-O(15) 1.434 1 . 4 3 1  C(11)-C(12)-C(14) 109.3 109.2 

C(13)-C(12)-C(14) 111.0 111.1 
(C-O)  1.433 1.431 

* FA = full angle, HO = high order. 

The standard deviation in the difference density was 
estimated by considering the density at positions far 
removed from chemical bonds. The maximum value 
observed, 0.075 e A-3,  was considered as 3o'(D) so that 
o-(D) was estimated at 0"025 e A-3.  This estimate may 
be too high as analysis of the map showed that the 
r.m.s, variation of the maxima on the single C-C bonds 
is as small as 0.015 e A -3. Systematic errors in the 
density can occur due to (a) a small correlation be- 
tween parameters and bonding effects in the HO 
refinement, (b) the restricted number of reflexions used 
in the calculation of the map, and (c) the neglect of 
TDS corrections. A rough estimate of the errors due to 
(a) was made by comparing deformation densities in 
the D [ X - N ]  and D[X-X(HO)]  maps of sucrose 
(Hanson et al., 1973). As sucrose is acentric and III-D 
is centric the observed differences were divided by two. 
The comparison suggests that as a result of (a) the 
maxima on C-C (and as we assume also on C-C; see 
next section, however) and C - O  will be roughly 109/o 
too low, whereas the lone pairs are 257/0 too low. 

An example of the low resolution of the map due to 
(b) will be given in the next section. An estimate of the 
erros due to (c) has been made by Helmholdt & Vos 
(1977) for a model consisting of spherically symmetric 
atoms by doing TDS calculations in the long-wave 
approximation. For the centres of the bonds and at the 
atomic positions errors ranging from 0.00-0.03 and 
0"05-0-08 e A-3,  respectively, are expected. It should 
be noted, however, that for the model assumed the 
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deformation density is zero, whereas in reality at the 
centres of the bonds maxima are observed. Neglect of 
TDS corrections makes these maxima too high, as 
TDS errors cause the apparent thermal motion and 
thus the smearing of the density to be too small (de 

With, 1976). This latter error does not influence, how- 
ever, the comparison of the experimental deformation 
density with theoretical dynamic densities, if for the 
theoretical model the thermal motion is adjusted as 
much as possible to the experimental thermal param- 
eters. 

In the discussion of the next section the experimental .... i " "1 de ormationdensitywi,,becomparedw,thatheoretical 
, density (Fig. 10). Use was made of the model compound • ....°...... /....'" / 

~ 4  \ / _ - -  ( - - ~ "  

" " \-7::::---:) ::..-.., i '%. ".~. " / 

, "-, ,,, ...... / ~ '"".._.',, , ~ ~ ".. ~ , s  ' , . , ,  s 

I , • .." ",. 
" " /  "" l / . . . . . . . . .  . . . i  "... "" . . . . . . . .  .V"  

r s S ,,; ." "... 

'"'" , ~ " " .  
~ , , ' , ' / ,  _ 
t . / ,  s # / :: / "1] 

) J f , ,  _. , , , i  ! 
.... ,, ,, ! ~ - ~ : . . . : : : . - - ~  

" ." ' " ' ' ( l  [ .......... "" ] / / .---".':;X%"'-"; I 
o I %.° ~ .... .~ . . ,  ......................... (a) (b) 

' ._.2' 13 Fig. 9. Low-angle deformation densities around the oxygen atoms. 
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(,.."/ C(7)-O(10)-H(O10).-  .... projection of O(10). . .O(15')  on Bis; 
s is the line of intersection of Bis and the plane through C(7), O(10) 

(a) (b) and H(O10). (b) Analogous situation for C(12}-O(15)-H(O10). 
Fig. 7. Low-angle deformation density in the planes P = C(8)-C(7)- 

C(9) (a) and a =C(13)-C(12)-C(14)(b). 
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2,4-diol-2-butyn (III-4H) for which the symmetry 2/m 
was assumed. The (rigid-body) translations and libra- 
tions of the model were adjusted as much as possible 
to the thermal motion of III-D. The static density was 
obtained by ab initio calculations in which a small 
(6,3/3) GTO basis set was used. From this density the 
dynamic density was calculated according to the 
method described by Ruysink & Vos (1974b). 

In the theoretical density errors will occur due to the 
use of the small basis set. From a comparison of the 

deformation densities obtained for ethyne from a 
restricted (6,3/3) and an extended (10,6,2/5,2) GTO set, 
Ruysink (1973) has concluded that for the small set 
the density at the centre of C~--C is approximately 10% 
too low. 

From the discussion given above we expect that, 
apart from TDS effects, both for the experimental and 
theoretical deformation densities the values of the 
maxima on the (single and triple) C-C bonds are 
roughly 10% too low (owing to correlation and the 
small basis set respectively). It is therefore possible to 
make a direct comparison of the experimental and 
theoretical C-C maxima. 

Discussion of the deformation density 

Figs. 6-8 show that the deformation densities are very 
similar for the two molecules. From a comparison of 
the experimental density of Fig. 6 and the theoretical 
density of Fig. 10(b), we see that there are analogous 
features, but also differences between the experimental 
and theoretical maps. 

Single and triple C-C bonds 
Figs. 6 and 10(b) show that both the experimental 

and theoretical maps have positive densities on the 
C-C bonds and negative values around the positions 
of the C atoms and at either side of the C-C~C-C 
bonding region. Positive values are also observed on 
the C-CH3 bonds of Fig. 7, whereas near the C atoms 
of these bonds and also near the C atoms of the C-O 
bonds (Fig. 6) negative regions occur which are 
pointing away from the bonds. 

The values at the centres of the C-C bonds (Fig. 6), 
with theoretical values in parentheses, are 0-58 (0.62) 
for C~-C and 0-37 (0-35) e A -3 for C(sp)-C(sp3). The 
ratio between the experimental and theoretical values 
is 0'94 for C--C and 1.06 for C-C. The relatively small 
experimental value at C=-C will be due mainly to the 
(small) correlation between the HO C(sp) position and 
bonding effects. If we assume that at C-C and C-C the 
theoretical maxima are 10% too low as a result of the 
small basis set and that the difference between the ratios 
is completely due to correlation, we see that correlation 
reduces the maxima at C-C and C-C in the unit 
C - C - C - C  by about 15 and 4% respectively. This may 
be compared with the 10% estimated in the previous 
section from the sucrose deformation density maps. 

At the C(sp) atoms the D values are between -0 .09 

and -0 .12  (-0.26) e A - 3  and at the atoms of type 
C(4) approximately -0 .29  (-0.31) e A -3. Moreover 
Figs. 6 and 10(b) show that the minima at the C atoms, 
especially that at C(sp), are much sharper in the 
theoretical map than in the experimental map. We 
ascribe this difference in height and in steepness 
mainly to the restricted resolution of the experimental 
map, which especially influences the deformation 
densities close to the atomic positions (Ruysink, 1973). 

Both in the experimental maps of Fig. 6 and in the 
theoretical map of Fig. 10(b), the positive region around 
C=C is extended strongly in the direction perpendicular 
to C~C. Fig. 8 shows that the radial density distribu- 
tions of bonds of the same type do not show large 
differences. As expected, the heights of the maxima are 
influenced by the thermal motion. Fig. 7 shows that 
for group Q, which has a slightly larger thermal motion 
than P, the density is smeared out more and the 
maxima on the bonds are slightly lower than for P. 
The asymmetry parameters in Fig. 8 may be compared 
with the theoretical values, 0.93 for C~--C and 0.90 for 
C(sp)-C(spa). It is seen from Fig. 8 that the positive 
regions around C~--C are not only higher but also more 
extended in the direction perpendicular to the bond 
than the positive regions around the single C-C bonds. 

We have tried to estimate the total number of elec- 
trons in the positive regions around the C-C bonds. 
To this end cylindrical symmetry was assumed for the 
density. In each section perpendicular to a bond the 
average of D(r) is approximated as well as possible by 
the function D(r)--C exp ( -Ar2 ) -B .  The integration 
in each section is done from r = 0  (on the bond) to 
r =  rmax, where rma x-- r (D = 0) if the positive region is 
surrounded by a negative region and rmax = rest if tWO 
positive regions merge into each other. Especially in the 
latter case there is an uncertainty in the estimate of 
rm,x. All sections with positive D values in the bonds 
were considered and the values of the successive sec- 
tions added by numerical integration. Average experi- 
mental values obtained for the number of electrons. 
on the bonds are 0.28 for C--C, 0-07 for C(sp)-C(sp a) 
and C-CH3. The theoretical values are 0-27 for C~--C 
and 0.07 for C(sp)-C(spa). The good agreement be- 
tween theoretical and experimental values shows 
that for the integrated bond densities the experimental 
errors due to correlation and series termination are 
approximately equal to the theoretical errors due to 
the restricted basis set. 

C-O bonds and lone pairs 
Figs. 6 and 10 show that experiment and theory give 

very different deformation densities around the O 
atoms. In the theoretical map the O atom lies on a 
steep slope and it is therefore to be expected that even 
in a HO refinement there is an appreciable correlation 
between the position of the O atom and bonding 
effects. In the experimental map this correlation 
decreases the slope at the O atom. Moreover, the slope 
will be reduced by the finite (low-order) resolution of 
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the map. In the theoretical map errors will occur 
around O as a result of the use of the small basis set, 
especially the neglect of polarization functions. The 
experimental sections of Fig. 9 show a positive de- 
formation density in the O-atom lone-pair region. 
We see that the lone-pair electrons have a tendency 
to concentrate around the hydrogen bonds. The same 
phenomenon is observed in cyanuric acid for one of 
the O ' - . H - N  bridges (Verschoor, 1967, Figs. 6-10), 
but was not pointed out by the author as the effect is 
hardly significant. 

C-D and O-H bonds 

The deformation densities at the C-D and O-H 
bonds are less accurate than for the C-C and C-O 
bonds, as the positions of the D(H) atoms were con- 
strained during the refinement. The maximum values 
near the C-D bonds range from 0.14--0.30 e A -a, 
except for C(13)-D(C13-2) for which this value is 
0"57 e A -3. This may be caused by the high B value 
(inaccurate position?) for D(C13-2). The maxima on 
the O-H bonds are 0"17 and 0"35 e •-3. 
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