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sur le plan y=¼ en une r~gion inoccup6e (Fig. 6) et 
que l 'assemblage des piles, dans le plan y=¼, n'est 
pas le plus compact possible (Fig. 5). 
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R e f i n e m e n t  of the Structure  of N , N ' - H e x a m e t h y l e n e b i s p r o p i o n a m i d e  

BY L. H. J~.Ns~.x 

Department of Anatomy, University of Washington, Seattle, Washington, U .8 .A .  

(Received 18 November 1960 and in revised form 11 August 1961) 

The structure of :N,N'-hexamethylenebispropionamide, 

0 O 
II II 

C2Ha CNH (CH.~) 61N-HCC~H6 , 

has been refined by three-dimensional A F syntheses. The following average bond lengths and angles 
with the indicated standard deviations were determined: 

C-C, 1.529 +0.002/~; /_ C-C-C, 112.8 +_.0.7°; /_ H-G--H, 108-9 ___ 1.2 °. 

Electron densities at the H atom sites range from 0.32-0.42 e./~ -3, average 0.38 e./~ -~. 
There is pronounced thermal anisotropy with the direction of maximum vibration almost 

perpendicular to the plane of the molecule. It  was not possible to detmznine with certainty what 
part of the thermal anisotropy is due to rotary oscillation about the long axis of the molecule; 
it is not large but, if present and corrected for, would increase slightly the average G-C bond length 
and decrease the average C-C--C bond angle. 

In troduct ion  

The determination of the crystal structure of N,N'- 
hexamethylenebispropionamide (Fig. 1) has been re- 
ported by Jensen, Krimm, Parrish & Wood (1957). 
The work originally was undertaken primarily to 
ascertain the direction of the bonds in the peptide 
group. Along with polarized infra-red spectroscopic 
studies, this information permits the location of the 
transition moments with respect to the bond direc- 
tions. 

Refinement of the two-dimensional data was carried 
to the point where standard deviations in the bond 
lengths could be expected to lie in the range 0.01- 
0.02 /~. All the C-C bond lengths in the chain were 
appreciably shorter than the bond length in diamond, 
1.544/~, and the five C-C bonds in the chain averaged 
almost 0.03 A less than this value. The present work 
was carried out to determine more accurate bond 

lengths and to study the electron density in the 
crystal in greater detail, particularly the electronic 
anisotropy due to thermal motion and the electron 
density due to hydrogen atoms. 

E x p e r i m e n t a l  

The unit-cell parameters used were the same as 
reported earlier: 

a=18.60,  b=4.96,  c=7.49 J~; f l=97 ° 15' 
(based on Cu Ka,  2 = 1.5418/~). 

The space group is P21/a with two molecules per 
unit  cell. 

An ordinary histological microtome fitted with a 
razor blade was used to cut a cylindrical crystal about 
0.15 mm. in diameter, cylinder axis coincident with b. 
Zero and upper level unidimensionally integrated 
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Fig. 1. Numbering of the atoms in N,N'-hexamethylenebis- 
propionamide. The half molecule shown is the asymmetric 
unit in the crystal structure. 

C3 

(o) (~) 
Fig. 2. Difference synthesis showing electronic anisotropy. 

Differences are from electron densities corresponding to B 
values of 4.0 for C 1, C~., C z, C 4, N; 5.5 for C s and 6.0 for 
C 6 and O. Contours at 0.1 e./~ -3, zero contour omitted, 
negative contours broken. (a) Composite map of sections 
close to the plane of the molecule. (b) Sections essentially 
perpendicular to the plane of the molecule. 

Weissenberg  d a t a  were col lected on  a W i e b e n g a - t y p e  
(Wiebenga & Smits ,  1950) i n t eg ra t ing  camera .  I n t en -  
sities were d e t e r m i n e d  w i th  a recording microden-  
s i tomete r  (Jensen,  1954) a n d  were measu red  on b o t h  
t op  a n d  b o t t o m  ha lves  of t he  f i lm. Fo r  all  b u t  t he  
fou r th  level,  the  measu remen t s  were done  b y  di f ferent  
technic ians .  Compar i son  of t h e  two  sets of resul t s  
i nd ica t ed  r a n d o m  errors of less t h a n  2 % in the  struc- 
tu re  factors .  

A t o t a l  of 1341 ref lect ions wi th  0 _< k _< 4 were 
accessible w i th  t he  camera  used. Of these,  851 (63-5%) 
were observed.  

R e f i n e m e n t  of  t h e  s t r u c t u r e  

Calcula t ion  of the  observed  s t ruc tu re  fac tors  w i th  t he  
coordina tes  and  scale fac tor  f rom the  two-d imens iona l  
work  a n d  isot ropic  t e m p e r a t u r e  fac tors  wi th  B = 4-0 A 2 
for the  C1-C4 and  N a toms ;  5.5 ~2 for the  C5 a t o m  
and  6.0 h e for the  C6 a n d  0 a toms  resu l ted  in  a 
re l iab i l i ty  index  R of 19.9%. This  r a t h e r  h igh  va lue  
of R does no t  ref lect  large errors in t he  pos i t iona l  
pa ramete r s ,  b u t  is the  resul t  of p ronounced  e lect ronic  
an i so t ropy  as is a p p a r e n t  f rom the  z lF  syn thes i s  
shown in Figs. 2(a), (b). The  dev i a t i on  of the  e lec t ron 
dens i ty  f rom t h a t  a ssumed  for spher ical  a t oms  is 
suff icient  to  mask  the  a tomic  shif ts  for mos t  of t he  
a toms.  The  d i rec t ion  of m a x i m u m  t h e r m a l  m o t i o n  is 
in  a p lane  essent ia l ly  a t  r igh t  angles to  t he  p lane  of 

bbi 

>/i:f!i:!! i: 

--::C! 

C1 

C2 

C3 

z ~ , ~  ~ " . ,  

,<_-:&~- 

',....,!l f" 
~,,.~'-,, 
,?'":?i) 

,.., "-. 

N "'x~ "k 

~,?.',:::.:,. ".,. 
C~," ..... ~ .)::(.. 

! ;  

(~) (b) 

C', \ 

Fig. 3. Difference synthesis from which final parameter 
changes were derived. Contours at 0-05 e.A -3, zero contour 
omitted, negative contours broken. (a) Composite map of 
sections close to the plane of the molecule. (b) Sections 
essentially perpendicular to the pla~e of the molecule. 
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the molecule and, except for C~, makes an angle of duced R to 9.5%. The AF synthesis at this stage 
approximately 5 ° with (010). showed a ridge of positive electron density running 

Three refinement cycles by AF syntheses (Cochran, down the backbone of the molecule, and it was clear 
1951), based on structure factors calculated with that  errors in the temperature-factor parameters alone 
individual atom anisotropic temperature factors, re- could not account for it. For these three cycles the 

Table 1. Observed and calculated structure factor 
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Table 1 (cont.) 
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xla ylb z/c 
O 0.1329 0.6070 0.4490 
N 0.1125 0.1805 0.5323 
C i 0.0080 0.I |51 0.9378 
C~ 0-0551 0-0296 0.7939 
C a 0.0695 0.2652 0.6724 
C a 0.1413 0.3628 0.4314 
C 5 0.1885 0.2476 0.2960 
C e 0.2087 0.5420 0.1626 

*H t 0.0437 0.8068 0.1298 
H 8 0.0364 0.2757 0.0198 
H a 0.0268 0.8687 0.7111 
H a 0-1070 0"9518 0"8606 
H s 0-0177 0.3457 0.6081 
H e 0.0993 0.4227 0-7542 
H~ 0.1209 0.9843 0.5121 
H s 0.1586 0.0828 0.2216 
H 9 0.2386 0-1678 0.3712 
Hto 0-1586 0.5318 0.0872 
Htx 0.2386 0.6168 0.2368 
Hx~ 0.2426 0-3695 0.0654 

scale f ac to r  for  Frel.  was  he ld  to  t h e  va lue  d e t e r m i n e d  
f r o m  t h e  t w o - d i m e n s i o n a l  da t a .  Af te r  some  m i n o r  
cor rec t ions  in t h e  d a t a ,  t w o  a d d i t i o n a l  r e f i n e m e n t  
cycles,  in  w h i c h  the  d a t a  for  each  level were  scaled  
i n d e p e n d e n t l y ,  r e d u c e d  R to 7 .3%.  T h e  pos i t ive  
e l ec t ron  d e n s i t y  d o w n  t h e  cha in  has  been  r e m o v e d  
a l t h o u g h  a pos i t ive  reg ion  r ema ins  in mos t  of t he  
bonds .  F igs .3(a) ,  (b) show sect ions  of t h e / i F  syn thes i s  
f r om w h i c h  final p a r a m e t e r  cor rec t ions  were  t aken .  

Before  t he  last  r e f i n e m e n t  cycle,  two  pa r t i a l  cycles  
were  ca r r ied  ou t  based  on a single sec t ion  t h r o u g h  
t h e  / I F  syn theses  co inc iden t  w i t h  t he  401 p lane .  
S ince  all  t h e  heav ie r  a t o m s  lie nea r  t h e  p lane ,  i t  
shou ld  be possible  w i t h  a r e l a t i ve ly  smal l  a m o u n t  of 
ca l cu l a t i on  to o b t a i n  cor rec t ions  to  t he  p a r a m e t e r s  
h a v i n g  c o m p o n e n t s  in t h e  p lane .  These  two  pa r t i a l  
cycles  d id  not ,  howeve r ,  r educe  R a n d  h a v e  n o t  been  
n u m b e r e d  as r e f i n e m e n t  cycles.  

Tab le  2. Atomic parameters 

Ull × 102 U22 × 102 
(A 2) (A~) 

9.26 2.91 
6.89 3"17 
6.94 3.80 
6.85 3.93 
7.42 4.05 
6-37 3.17 
8-45 5.19 
9.91 6.71 

Uaa x 10 2 U~2 x 10 ~ U~a × 10 9 U23 x 10 2 
(/~2) (A 2) (A2) (h2) 
7"79 0"89 3"33 1"04 
5"86 0"42 2"39 0"42 
5"95 0"48 2"31 0"55 
5"92 0"45 2"24 0"52 
6"14 0"68 2"81 0"60 
5"73 0"43 1"74 0"54 
6"77 0"61 3'52 0"61 
8.04 0.00 3"99 0.00 

Tab le  3. Bond lengths and angles 

Ct-C t' 1.527 A C1"-C1-C 2 113"3 ° 
Ct-Cg. 1"532 C1-C~-C 3 11 I'5 
C2-C 8 1.525 C2-C3-N 11 l'2 
Ca-N 1.459 C3-N-C a 120.6 
N-C 4 1.333 N-C4-C 5 115.3 
C4-C s 1.533 C4-C5-C e 113.6 
C5-C 6 1.504 N-C4-O 122.8 
C4-O 1-230 C~-C4-O 121.9 
N - H -  • • O 2.947 N-H • • • O 176-8 

• Cx-I-I I 1-128 H1-C1-H 2 110.0 
C1-H 2 1.105 1~3-C2-H 4 111.5 
C2-H 3 1.090 :Hs-C3-H 6 108-0 
C2-H a 1"069 Hs-Cs-H 9 103"2 
Cs-H 5 1-047 H10-C6-H u 107.2 
Ca-H 6 1-022 I-I10-Cs-H,2 110.0 
Cs-H s 1"096 Hll-Ce-H19. 112.4 
Cs-H 9 1"077 
Ce-H m 1.143 
Ce-H11 1.042 
Ce-H12 1" 102 
N-H~ 1-047 

* C-H and N - H  bond lengths based on H atom positions 
estimated from AF synthesis showing H atoms. 

* H atom coordinates listed were calculated assuming 
tetrahedral C atoms with C-H bond lengths of 1.1 A 
and a trigonal N atom with N-H bond length 1.0 A. 
Final Fc were calculated with these coordinates and 
H atom isotropic temperature factors of B=4 .0  A 2. 

H2 

Hll 

H12 
Fig. 4. Composite difference synthesis showing H atoms. 

Sections through t t  atoms and parallel to 20,5,5 plane. 
Contours at positive integral values of 0.05 e./k -3 beginning 
at 0.1 o.A -3. 

T h e  H a t o m s  were  l o c a t e d  in a A F syn thes i s  in- 
c lud ing  on ly  t e r m s  w i t h  sin 0/2 _< 0.48. Fig.  4 is a 
compos i t e  of sect ions  t h r o u g h  t h e  H a t o m s  a n d  
para l le l  to  t h e  20,5,5 p lane .  E x c e p t  for those  t h r o u g h  
H7 a n d  Hte, t he  sec t ions  are  r o u g h l y  e i the r  para l le l  
or  p e r p e n d i c u l a r  to  t he  H a t o m - h e a v y - a t o m  bonds .  

All ca lcu la t ions  in th is  w o r k  were  done  on a n  
I B M  650 c o m p u t e r  us ing  p r o g r a m s  w r i t t e n  in  these  
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Laboratories (Brown, Stewart, Lingafelter & Jensen, 
1959). In the AF s)mtheses by which refinement was 
carried out, all reflections, except as noted below, 
were given unit weight and the coordinates shifted by 
the full amounts indicated. In calculating structure 
factors, Amsterdam (Berghuis et al., 1955) scattering 
factors were used for carbon, nitrogen and oxygen, 
and McWeeny (1951) values were used for hydrogen. 
Observed and calculated structure factors appear in 
Table 1. Parameters used in the final Fc calculation 
are listed in Table 2 and bond lengths and angles in 
Table 3. 

P r e c i s i o n  of the  r e s u l t s  

Only one of the 851 observed reflections, 401, was 
seriously in error due to secondary extinction. Ac- 
cordingly, this reflection was given zero weight in all 
/ IF  syntheses. From the 850 remaining reflections, 
5 scale, 24 positional and 35 temperature factor 
parameters were determined. 

To evaluate the standard deviation, a, of the coor- 
dinates, it is necessary to know the curvature, ~2~/~x~, 
of ~ along each axis for each atom (Cruickshank, 1949). 
From the ~IF synthesis shown in Fig. 2, it is clear 
that  for N,N'-hexamethylenebispropionamide, curva- 
tures differ from one atom to the next for the same 
atom type and for any atom vary appreciably with 
direction. 

'Average' curvatures may be calculated by assuming 
to obey the relation ~ = ~0exp [ - p r  2] (Costain, 1941). 

Setting the integral of this expression over all space 
equal to the number of electrons in the atom gives 
a relation for p as a function of ~0 and n (Booth, 
1947). This leads directly to the following expression 
for the central curvature in three dimensions: 

(d2~/drg),=o = _ 2~o5/3/n~/3 

where ~o is the peak density of, and n the number of 
electrons associated with the atom. 

No directly measured ~6 are available for N,N'- 
hexamethylenebispropionamide since no Fo synthesis 
was calculated. Nevertheless, comparison of the range 
of thermal parameters with those of n-nonanoic acid 
hydrazide (Jensen & Lingafelter, 1961) indicates that  
without great error ~0=7, 8.5 and 10 e./~ -3 may be 
assumed for C, N'and O atoms respectively. Curvature 
calculated for these Q0 are given in Table 4. These 
v~lues should be underestimates of the curvatures 
along the bond directions since maximum thermal 
motion is almost perpendicular to the plane of the 
chain. 

Table 4. Peak densities, curvatures and 
standard deviations 

Atom Peak 
type density Curvature 

O 10"0 e.A -3 -- 72-9 e.A -5 0.0021 A 
N 8.5 - 60.9 0.0025 
C 7.0 -48.7 0.0031 
I-I 0-38 -- 3.0 0.051 

Table 5. Standard deviations in bond lengths 

Bond 
C-O 0.0037 A 
C-N 0.0038 
C-C 0.0044 
C-H 0-051 
N-H 0.051 

The curvature to be used for the H atoms was 
calculated in the usual way from the peaks in the 
A F synthesis, Fig. 4:Q0 was taken as the average 
peak density and p was evaluated along the bond 
direction for one of the atoms, H6, by plotting log 
versus r. The result also appears in Table 4. 

From ~x for each atom type, standard deviations 
in the bond lengths were calculated and are listed in 
Table 5. 

D i s c u s s i o n  

The maximum difference in any coordinate between 
the two- and three-dimensional results is 0.028 J~ in 
the y coordinate for C3. The average difference in 
coordinates for all atoms is 0-011 A. 

The hexamethylene chain is accurately planar. 
The equation for the best plane, as determined by 
least-squares, through the hexamethy]ene chain atoms 
is 

0.19276x + 0-05946y + 0.1591 lz = 1 

referred to a, b and c* as coordinate axes. No one 
of the six atoms deviates from this plane by more 
than 0.0017 /~ and the average deviation is 0.0011 •. 

The bond lengths and angles found for the peptide 
group are in remarkable agreement with the values 
deduced by Corey & Donohue (1950) from the struc- 
tures of some amino acids and peptides available a 
decade ago and used by Pauling, Corey & Branson 
(1951) in their study of the possible helical arrange- 
ments of polypeptide chains. Except for C-N, the 
bond lengths are also in good agreement with those 
reported in the recent study of Katz & Post (1960) 
and bond angles are close to their values. In view of 
the different packing from compound to compound, 
somewhat largei deviations in the angles might have 
been expected. 

The two-dimensional work gave C-C bond lengths 
appreciably less than the 1.544 /~ C-C bonds in 
diamond. Brief reference was made to this difference 
in the report of the tw0-dimensional work, and a 
possible explanation in terms of the approximations 
used in treating the temperature factors was suggested 
to account in part for the results. From the present 
work, the five C-C bond lengths average almost 0.01 J~ 
greater than those resulting from the two-dimensional 
work. 

Although the C4-C5 bond is adjacent to a resonating 
system, there is no indication that  its length is dif- 
ferent from the three C-C bonds in the hexamethylene 
chain. The average length of these four bonds is 
1.529/~; and the C5-C6 bond is 0.025 A less than this. 
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Table 6. D a t a  o n  C - H  b o n d s  

C atom valence Estimated No. bonds 
state Length mean averaged Method 

s p  ~ 1.08 A 0.015 A(1) 9 X R D  
s p  a O. 91 O" 06 2 X R D  
s p  a 0.94 0.05( 1 ) 3 X R D  
s p  a O" 94 O. 01 2 X R D  
s p  a O" 94 O" 08 2 X R D  
sp  a 1.090 0.018( 1 ) 14 X R D  
s p  a 1.084 0.011 (1) 11 X R D  

s p  9 1.090 0.005 8 e.d. 
s p  ~ 1.084 0.003 4 e.d. 
s p  a 1"108 0.004 10 e.d. 
s p  a 1.118 0.004 12 e.d. 
sp  a 1.118 0.006 14 e.d. 
s p  a 1-121 0.007 16 e.d. 

sp  ~ 1-08 0.04 4 n.d. 
s p  9" 1.05 0.013( 1 ) 4 n.d. 
sp  9 1.12 0.02 5 n.d. 

(T---- 293 °K.) 
sp  2 1.06 0.02 5 n.d. 

( T =  120 °K.) 

Reference 

Drenth & Wiebenga, 1955 
Marsh, 1958 
Reddy & Lipscomb, 1959 
Degeilh & Marsh, 1959 
Shintani, 1960 
Jensen & Lingafelter, 1961 
This study 

Bastiansen, Hedberg & Hedberg, 1957 
Bartell & Bonham, 1959 
Bonham & Bartell, 1959 
Bonham, Bartell & Kohl, 1959 
Bonham, Bartell & Kohl, 1959 
Bonham, Bartell & Kohl, 1959 

Bacon & Currie, 1956 
Bacon & Currie, 1960a 
Bacon & Currie, 1960b 

Bacon & Currie, 1960b 

(1) From r.m.s, deviations from the mean. 

Such a difference would be significant by  the ordinary  
criteria. However ,  terminal  a toms such as C6 and 0 
in N , N ' -  hexamethylenebispropionamide ,  unless re- 
str icted by  packing or hydrogen bonds, f requent ly  
have relat ively large motions a t  r ight  angles to the 
bonds, with a resul tant  apparen t  decrease in bond 
]ength (Cruickshank, 1956). The short  C5-C6 bond is 
p robably  to be a t t r ibu ted  largely to this cause. 

I f  the  thermal  motion a t  r ight  angles to the plane 
of the  chain were due entirely to angular  oscillation 
about  a longitudinal  axis, bonds in the chain would be 
short  by  0.03 /~ or more. I t  is doubtful  whether  
sys temat ic  errors of this magni tude  are in fact  present  
since the  average C-C bond length excepting C5-C6 
does not  differ appreciably  from t h a t  found in other  
hydrocarbon chains. This implies t h a t  the  excess 
thermal  mot ion perpendicular  to the chain is due to 
linear, r a ther  t h a n  ro t a ry  oscillation. I t  seems likely, 
therefore, t h a t  corrections due to angular  oscillation 
are large in N,N' -hexamethylenebispropionamide  only 
for the  te rminal  Ca-C6 and  C4-0 bonds. To give a 
definite answer will require low-temperature  data .  

I t  is evident  from Fig. 4 t h a t  for H a toms the spread 
in electron densi ty  in a direction a t  r ight  angles to the 
bond and  the  chain axis is considerably greater  t han  
in the  direction of the bond. P resumab ly  this effect 
is due to thermal  mot ion involving bending of the 
C - H  bonds since the molecule does not  appear  to be 
undergoing appreciable ro t a ry  oscillation. The peak 
densities of the H a toms range from 0.32-0.42 e./~ -3, 
average 0.38 e./~ -8. 

C - H  b o n d  lengths 
Highly  accurate  values for C-I-I bond lengths 
are now avai lable not  only from spectroscopic 
measurements  bu t  also from electron diffraction 

(Bartell,  1960). Al though the  precision of the  X - r a y  
results is much less, t hey  are nevertheless impor tan t .  
Since X- rays  are scat tered almost  wholly by  the  
p l ane t a ry  electrons, the C - H  bond lengths from X - r a y  
diffraction will not  be identical with results from 
techniques which measure  internuclear  distances. I f  
X - r a y  results of sufficient accuracy can be obtained,  
they  will be useful in theoretical  studies of electron 
distr ibutions in hydrogen-containing molecules. More- 
over, the  accuracy of C - H  bond lengths m a y  serve 
as a sensitive indicator  of errors in the  da t a  or refine- 
ment  techniques.  

The positions of H a toms in hexamethylenebis-  
propionamide were determined from a A F synthesis 
based on s t ruc ture  factors omit t ing H-a tom contribu- 
tions. The eleven C - H  bond lengths range from 
1.022-1.144 /~, average 1-084 •. The value of (Fmean 

is 0.011 J~ as calculated from the  r.m.s,  deviations 
of the individual  bond lengths from the mean,  and 
0.015 /~ as calculated from 2 :AF 2. 

The average C - H  bond length from this s tudy  is 
listed in Table 6 along with other  recent  values found 
in compounds with no a toms heavier  t h a n  oxygen. 
Only results which are averages of two or more bond 
lengths are included, and those from X - r a y  diffract ion 
are all based on par t ia l  or complete three-dimensional  
da ta .*  S tanda rd  deviat ions in the  average values are 
those of the  authors  if given or are es t imates  from 
other d a t a  as indicated.  

The results for electron and  neut ron  diffraction 
indicate no serious differences, either within or be- 
tween the  groups, and  are in essential agreement  with 
spectroscopic values (see, for example,  Herzberg & 

* Tomiie (1958) has tabulated a number of additional 
results from two- and three-dimensional X-ray diffraction 
data. 
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Stoicheff, 1955). The results from X-ray diffraction, 
on the other hand, show no such agreement. Com- 
parison of the estimated amean with the differences 
between different determinations indicates the prob- 
able operation of systematic errors, which are more 
likely to be in the refinement than in the data. 

Tomiie (1958) has estimated a C-H bond length of 
0.92 A for a B value of 2.2 and a reasonable value of 
another parameter, 2. Over the range of these param- 
eters likely to be met with in practice, this study 
indicates a shortening of 0-1-0-3 A. Furthermore, 
Cochran (1956) has evaluated the electron density in 
the benzene ring, but his study indicates a shortening 
of only 0.03 J~. 

:From the variable nature of both the experimental 
and theoretical results for the C-H bond length, 
it  is difficult to be definite about the value or range of 
values to be expected from X-ray diffraction. But 
elimination of systematic errors in the refinement 
technique coupled with diffraction data taken at or 
below the temperature of liquid air (Cruickshank, 
1960) should result in C-H bond lengths of some 
significance. 

From data collected at liquid air temperature, 
we may expect central densities of H atoms to increase 
by  a factor of about 2 over values obtained from 
diffraction data collected at room temperature. Since 
curvature of electron density varies approximately as 
the 5/3 power of the central density, standard devia- 
tions in the mean C-H bond lengths in the range 
0-003-0.005/~ should be obtained when averaging over 
ten or more bonds in molecules such as N,N'-hexa- 
methylenebispropionamide. 
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