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The atomic parameters in sodium bicarbonate are redetermined. The resulting bicarbonate ion 
structure differs significantly from that  found in other salts. The bicarbonate ion was found to have 
C~v symmetry (excluding the hydrogen atom), with C-O bond distances equal to 1.346, 1.264 and 
1.263 A. The hydrogen bond distance between adjacent bicarbonate ions is 2.595 A. These dimen- 
sions are compared with those in related compounds. 

Introduct ion 

The bicarbonate  salts are a ra ther  interesting series 
of compounds which i l lustrate the effects of crystal  
packing on the internal  s t ructure  of covalently bonded 
molecules. Three such salts which have  been studied 
by X - r a y  diffraction are potass ium bicarbonate  (Nitta,  
Tomiie & Hoo Koe, 1952), sodium sesquicarbonate 
(Brown, Peiser & Turner-Jones,  1949) and sodium 
bicarbonate (Zachariasen, 1933). These systems each 
crystallize by  utilizing a different hydrogen bond- 
ing scheme and show marked  differences in the  car- 
bon-oxygen lengths of the  anion. The solution of the 
s t ructure  of sodium bicarbonate  was obtained, how- 
ever, by using the  assumpt ion t h a t  p lanar  t r igonal  
carbonate  groups exist in the  cyrstal  with all carbon- 
oxygen distances equal to 1.27 /~. This assumpt ion 
was not  valid and only an approx imate ly  correct 
s t ructure  resulted. I t  is the object of the work re- 
por ted  in this paper  to collect new diffraction da t a  
and  to reexamine the atomic paramete rs  of this 
s tructure.  

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

Small needle-like crystals  of sodium bicarbonate  
were obtained by  slow evaporat ion of the aqueous 
solution in an  a tmosphere  of carbon dioxide. The 
result ing crystals were mounted  in the  usual manner  
with the axis of ro ta t ion  corresponding to the needle 
axis. Several crystals had  to be examined before one 
was found which did not  exhibit  twinning. The dimen- 
sions of this crystal  were approx imate ly  0.1 ram. in 
d iameter  × 2 ram. 

Oscillation and rota t ion photographs  showed the 
Laue s y m m e t r y  to be C2h-2/m. Systemat ic  absences 

led to the  space group assignment  of C~h-P21/c, in 
agreement  with Zachariasen (in his paper  Zachariasen 
used the  related unit  cell having s y m m e t r y  C~h-P21/n). 
The unit  cell dimensions obtained,  compared with 
those of Zachariasen,  are shown below. 

This invest igat ion 
a = 3-51 _+ 0-01 A 
b = 9-71 _+ 0.01 
c = 8.05 + 0.01 

 =111o51 , 
a : b" c = 0.361" 1 : 0.829 

Zachariasen (P21/c) 
a = 3.53 + 0.03 A 
b = 9.70 Jr 0.04 
c = 8.11 _+ 0.04 

 =112 o 25 '  
a:b:c--0.364:1 : 0.836 

The above axial ratios m a y  be compared to the values 
of a:  b : c = 0.3582 : 1:0.8253 determined optically by  
Groth (1908). Assuming four molecules per  uni t  cell, 
the  calculated densi ty  is 2.19 g.cm. -8, compared to 
the  exper imental  densi ty  of 2.22 g.cm.-3 reported by  
Groth (1908) and 2.20 g.cm. -3 listed in the In ternat io-  
nal Critical Tables (1926). 

Multiple film Weissenberg photographs  of the  
h = 0 ,  1, and  2 layers  were recorded using C u K s  
radiat ion.  The intensities of the  various reflections 
were es t imated  visually in the  usual  manner  w i t h  
the aid of an intensi ty  strip. Correlation of the inten- 
sities of the various sets of film was made  by compari- 
son to a photograph  which contained fifteen minute  
exposures of a twenty-f ive  degree port ion of each 
layer ;  absorpt ion was neglected. 

T r e a t m e n t  of data 

A Fourier  projection down the a axis was calculated 
using the  magni tudes  of the s t ruc ture  factors ob- 
ta ined from our intensi ty  da t a  and signs based on 
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Table 1. Calculated and observed structure factors 

o k 1 F= JFol 1 k 1 F¢ IFol Z k 1 F c IFo I 2 k 1 F= ]Fol 

0 .12 .0  17.30 16.~1 ~ ;  ° 0 9.09 9.85 1 2  ~ 66.83 47.95 2 3 2  -0 .56  <1.16 
0.I0.0 -1.80 <1.67 -20.09 21.09 i I 2- -54.41 38.52 2 2 2 -2.68 3.08 
0 8 0 23.46 21.46 1 5 0 1.56 3.55 1 0 2 -27.23 22.01 2 1 2 -18.64 19.05 
0 6 0 54.18 33.36 1 4 0 32.78 31.02 i. II.~ -5.77 7.32 2 8 3 -3.73 3.75 
0 4 0 3.88 1.65 1 3 0 -1.73 2.96 1.10.--3 1.57 <1.54 27 3 5.32 5.40 
02 0 -15.74 16.67 1 2 0 -31.23 29.57 ~9 3 4.91 4.38 2 6 3 -8.24 7.34 
0.ii.I 4.17 4.71 1 1 0 -29.85 30.94 ~ -1.08 <1.72 2 5 3 16.80 15.29 
0.I0.I 0.13 <1.75 I 0 0 -18.58 16.77 1 6 3 -14.68 15.32 2 4 3 12.32 12.00 
0 9 1 -12.35 11.66 I.Ii.i 4.15 4.32 1 5 "3 -21.40 24.01 2 3 3 21.19 19,02 

8 1 7.31 7.24 I.I0.i -8.17 7.91 1 4 ~ 2.09 1.92 2.11.~ 8.02 6.37 
7 1 -12.14 14.02 1 9 1 14.14 13.93 1 23 3_-- 6.48 7.37 2.10.'I" 1.13 <0.86 

0 6 ~ 8 . 8 2  10 .15  1 8 1 12.30 12 .94 1 3- 4 . 6 3  6 . 3 1  2 . 9 .  ~" - 2 . 1 2  2 .08  
0 5 17.82 19.52 i ; I 0.28 <1.76 I 1 3 -8.70 9.76 2 8 "[ -5.73 5.42 
0 4 i -5.29 6.97 1 I -14.25 15.62 i.i0.4~ -4.73 4.68 2 7 "[ 25.29 25.32 
0 3 i -22.93 23.64 1 45 I 16.62 17.00 1 9 4 3.53 4.43 2 6 T -3.96 3.08 
0 2  1 6 .14  8 .80  1 1 - 2 0 . 9 3  23 .04  1 ~ - 2 5 . 7 9  24 .42  2 5  "I" 12 .16  13.89 
0 1 1 -7.76 9.65 13 1 40.81 36.29 1 67 ~ -0.29 4.40 2 4 "I" 2.55 2.90 
0.12.2 -9.67 9.38 i 2 i 35.65 32.47 1 -10.16 13.10 2 3 "I -ii. Ii 13.75 
0.11.2 -2.97 3.03 i I I 3.02 2,84 5 2[ 3.07 2.54 2 2 ~ -3.74 5.41 
0.10.2 -12.06 14.47 1.11.2 -2.26 2.56 ~ 4 E -18.52 20.42 2 1 36.13 41.33 
0 9 2 I0.03 10.81 I.i0.2 5.44 5.72 i 3 ~ 0.80 1.87 2 8 ~[ -24.81 22.51 
0 8 2 -8.28 9.55 1 9 2 -1.05 <1.6~ 
0 7 2 -13.36 14.16 1 8 2 27.38 23.7" 1 2 2[ -16.30 17.44 2 7 ~[ -2.79 3.97 
0 6 2 -24.06 24.39 1 7 2 15.51 14.76 1 1 2[ -3.04 2.48 2 6 __Z -13.53 15.50 

1 0 ~ - 4 7 . 9 0  44 .09  2 5 2 0 . 9 0  <1.02 
0 45 2 -4.34 6.72 1 6 2 -9.29 9.74 i. I0.~ 8.50 9.59 2 4 2 -11.43 13.44 
0 2 - 2 8 . 0 5  28 .82  1 5 22 - 9 . 2 7  10.12 1 9 5" - 1 . 9 7  1 .57  2 3 2" - 5 . 0 2  5 . 7 6  
0 3 2 1 .41  3 .08  21 .80  22 .47  1 8 "5" - 5 . 9 1  6 .88  2 2 2" - 1 3 . 8 8  16 .65 
0 2 2 - 4 2 . 4 1  34 .27  2 . 0 1  2 .79  13 2 1 7 ~[ 24.61 23.68 2 1 ~ 5.98 6.58 
0 1 2 22.46 23.79 1 2 18.26 21.07 6 ~ 5.20 5.56 2.10.~ -4.59 4.78 
0 2 -9.70 11.33 1 1 2 11.72 13.34 1 
0.11.3 7.45 8.43 I 0 2 18.60 17.40 1 5 ~ 9.95 10.99 2 9 3 0.14 <I.07 
0.10.3 3.98 4.22 1.11.3 -8.44 4.98 11 4 ~ 11.91 13.94 2 8 ~ 7.95 7.10 

3 ~ -11.89 13.73 2 7 ~ 1.03 <1.16 
0 9 3 10.20 11.30 1.10.3 -1.24 <1.07 1 2 "5" -13.55 16.38 2 6 "3 10.84 12.32 
0 8 3 -20.80 20.16 I 9 3 -2.06 <1.37 
o; ~ 5.37 5.54 187 ~ 0.61 .-1.61 11 ~ 33.48 31.87 25 ~ -12.18 11.99 
0 11.23 12.27 i -29.63 25.o2 1.10.~ 7.13 ?.82 24 ~ -14.16 14.69 

19~ 4.60 6.07 23~ -8.39 8.77 05 3 15.81 17.67 ~6 3 5.2~ 4.91 
o4 3 19.21 22.5o 15 3 -14.51 15.40 18 ~ -2.81 1.58 22 ~ 13.42 12.40 

17 ~ -19.07 19.71 21 ~ -1.67 2.34 
0~ 3 27.28 28.22 14 3 -1.75 2.41 16 ~ 16.59 17.99 2.10.2[ 9.78 11.64 
0 3 -49.39 38.43 ~ ~ 253 5.59 15  ~ 12.06 13.54 2 9  ~ 9 . 0 7  10.78 0 1 3  , , .12 14.69 0.34 <1.48 
0 . 1 1 . 4  9 4 7  9.30 1 1 3  -41.22 37.50 , 1 4  ~ 11.95 11.72 2 8 2 [  7.18 8.74 
0.10.4 6.28 6.92 1.10.4 -8.33 6.09 1 3 6 -3.86 4.72 2 7 ~ 5.01 3.93 
0 9 4 12.94 14.09 i 9 4 0.19 <1.27 I 2 6 11.88 13.53 2 6 4 18.65 18.73 

I i ~ -4.98 4.55 2 5 4 -17.20 15.35 
o 8 7 4  3 9 9  3 7 2  18744 5 6 4  5 8 5  1 0  ~ 10.49 11.25 2 4  ~ 22.85 22.68 

4 -21.26 19.13 I -5.43 3.57 1 9 7 -6.71 7.89 2 3 2[ -1.95 2.65 
° 0 ~ ,4 18.22 18.82 

18.55 18.69 I ~  ~ -3.4~-2~5 ~1.793.67 1 8  ~ 1 0 . 2 3  12.91 2 2  ~ 22.36 22.30 
0 4 4 9.88 10.79 1 4 4 -9.55 9.39 I 7 7 .8.99 10.08 2 1 2[ -47.16 30.60 

1 6 -7 7 .74  9 . 7 6  2 0 ~ 19 .86  18.75 
00 3 44 1.74 <1\56 1 3 4 -3.19 3.69 1 5 -7 -12.34 12.39 2.10.~ -9.03 9.35 

2 17.57  18.65 i 2 4 - 1 3 . 7 3  15.05 
0 1 4 -4.40 6.86 1 1 4 10.07 10.73 1 4 ~ 4.75 5.45 2 9 ~- -4.39 5.32 
0 0 4 17.23 19.02 i 0 4 17.77 18.49 1 3 7 -16.59 16.94 2 8 5 -3.68 4.15 
0.10.5 3.75 3.56 5 2.21 1.35 1 2 7 -14.53 16.33 2 7 ~ 1.48 1.16 
0 9 5 - 1 4 . 5 6  16 .31  ~ 9 5 1 .15  <1 .24  1 1 ~.. - 1 2 . 7 8  14.30 2 6 5" 9 . 2 9  5 . 7 3  
0 8 5 -6.74 8.56 1 7 5 12.07 9.97 1 6 8 -2.61 2.84 2 5 5 -1.38 1.15 
0 7 5 - 1 . 8 3  <1.85 1 6 5 9 . 0 7  8 . 5 6  1 5 '8 - 3 . 5 1  3 .48  2 4 "5 - 1 0 . 6 8  9 . 6 1  
0 6 ~ 8.73 9.18 1 5 5 21.67 18.77 1 4 8 -0.86 <1.69 2 3 ~ -12.45 13.23 

5 - 1 9 . 0 8  17.23 1 4 5 - 9 . 1 7  8 . 9 6  1 3 8 1 .08  <1.75 2 2 5 - 2 . 8 2  3 .77  
0 4 ~ 8 . 6 6  9 .89  1 3 5 7 .84  7 .09  1 2 "~ - 7 . 3 5  7 .58  2 1 ~ 1.62 <0 .83  
0 3 - 3 0 . 8 5  28 .09  1 2 5 2 .12  2 . 5 6  1 1 ~" 15.47 17.05 2 9 "~ 6 .40  6 .93  
0 2 5 -16.70 18.59 I 1 5 21.12 19.50 1 0 8 1.56 <1.80 2 8 6 -2.57 1.90 
0 1 5 -10.99 10.86 1 8 6 -4.01 2.19 1 5 9 16.26 17;56 2 7 -~ -5.51 5.80 
0 9 6 3.10 3.56 1 7 6 3.53 3.47 1 4 9 -5.43 5.77 2 6 "~ -18.20 17.03 
0 8 6 -9.18 9.32 I 6 6 2.08 <1.36 1 3 9" 2.77 2.93 2 5 6 0.50 <1.18 
0 7 6 -4.66 4.42 i 5 6 -9.16 10.05 1 2 9 1.02 <1.55 2 4 "~ -11.85 12.62 
0 6 6 -3.85 3.41 1 4 6 -5.97 4.88 1 1 9 14.12 15.31 2 3 -6 0.60 <I.Ii 
0 5 6 -6.52 5.20 1 3 6 0.22 <1.71 1.2.~0 -11.24 13.30 2 2 6 -18.84 17.86 
0 4 6 0.27 <1.90 1 2 6 -6.01 5.03 I.i.I'0 4.48 4.56 2 1 "~ 10.37 9.70 
0 ~ 66 0.70 <1.88 I 1 6 24.64 21.61 1.0.T0 16.56 18.88 2 0 6 -13.66 11.37 
0 6.08 7.05 ~ 0 67 2.65 2.60 27 ~ -5.36 5.05 
01 6 7.o0 7.17 6.35 3.47 2~ 1 26 ~ 7.88 7.73 
0 0 6 - 2 5 . 9 8  21 .57  I. 5 7 - 9 . 7 9  7 .37  2 5 7 5 .94  7 .43  
0 7 7 12 .48  12 .74  1 4 7 - 5 . 0 7  4 .19  2 . 1 0 . 0  4 .99  5 .52  2 4 7 1 ,98  1 .94  
0 6 7 -1.14 <1.53 I 3 7 -10.64 8.50 2 9 0 -3.75 3.79 2 3 7 32.49 20.14 
0 5 7 0.35 <1.66 1 2 7 -1.37 ,'1.46 2 8 0 -8.52 8.00 2 2 7 -5.98 5.36 
0 4 7 1.20 <1.78 I i 7 -9.71 8.51 2 7 0 8.78 8.61 2 i 7 -1.83 <1.15 
0 3 7 23.05 21.24 1 2 8_ 8.64 5.58 2 6 0 31.97 29.50 2 7 ~" 1.88 3.04 
02 7 -0.87 <1.91 1.12.1 4.79 4.11 25 0 3.74 3.60 26 8 -6.35 6.42 
0 1 7 12.84 10.69 i. Ii.I -5.12 5.43 24 0 2.25 3.09 25 8 -8.78 8.87 
0 65 8 -9.01 9.30 I.i0.[ 13.23 14.30 23 0 0.53 <1.31 2 4 8 11.98 12.98 
0 8 4.93 5.52 19 "[ 0.25 <1.68 22 0 9.45 12.75 23 8 2.43 1.93 
04 8 4.56 5.05 18 _i -0.18 <1.69 210 -I0.38 11.85 22 8_-- 8.56 6.97 
g 23 88 2.63 2.32 17 1 -4.00 3.99 20 0 25.10 27.17 21 8 5.17 3.68 

7.37 8.13 1 6 ~ -Ii.32 14.59 291 -17.19 15.48 2 0 8" 8.74 9.48 
0 1 8 -10.52 12.36 1 5 1 -14.50 17.55 2 87 1 10.79 11.15 2 5 9 -5.79 6.24 
0 0 8 -24.19 23.63 1 43 "[ 23.66 28.44 2 1 -5.14 4.12 2 4 9 -2.21 2.06 
0 3 9 - 8 . 8 7  7 .43  1 --_1 5 . 2 4  5 .86  2 6 1 - 1 0 . 9 8  11 .39  2 3 9 - 2 . 3 7  3 .56  
0 2 9 0.56 <1.20 1 2 ! -4.06 7.58 2 5 1 -13.29 14.71 2 2 9 2.90 3.93 
0 1 9 -7.21 6.56 i I i -14.86 15.45 2 4 i -4.14 6.04 2 1 9 -15.07 16.42 

I. iI.2 7.23 8.61 2 3 i -33.54 33.35 2.2 .__~0 -4.71 5.44 
1 k i i.i0.2- 20.75 23.56 2 2 1 18.53 21,09 2.1.10 -9.98 12.09 

1 9 2_-- -9.74 11.08 2 1 1 -11.33 12.54 2.0.~0 5.51 6.56 
1.12.0 -8.42 7.63 1 8 2-- 15.09 15.70 2 9 2 -10.36 9.76 
i.ii.0 -0.33 <1.29 17 2- -2.46 3.28 28 2 -3.21 3.91 
I.I0.0 -15.44 16.13 16 2_ 6.30 8.59 2 7 2 3.19 2.65 
19 0 -12.71 13.68 15 2 20.56 23.93 2 56 ~ -3.31 2.90 
18 0 -6.88 8.26 1 2- 46.00 37.03 2 0.82 <1.19 

13 ~ -0.21 <i.01 24 2 -2.84 3.49 

Zaehariasen's atomic parameters. The resulting elec- from those of Zachariasen, hence these parameters 
tron density  pattern was well  resolved with no ques- together with a consistent set of x parameters were 
tionable or spurious features. The atomic parameters used for the initial input  in a three dimensional least- 
so obtained differed in all cases by  less than 0.1 A squares refinement. 
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Table 2. Sod ium bicarbonate f i na l  atomic parameters 
Corresponding values obtained by Zachariasen (1933) are included in parenthesis 

Atom x y z ax ay az B 
Na 0.4274 0.0047 0.7145 0-0011 0.0003 0.0004 1.10 

(0.430) ( 0 . 0 0 0 )  (0.722) 

C 0.2098 0-2370 0.9232 0.0028 0.0007 0.0009 0.90 
(0-245) ( 0 . 2 3 6 )  (0.931) 

O. 0.1896 0.3668 0.9291 0.0018 0.0005 0-0006 0.92 
(0.245) ( 0 . 3 6 7 )  (0.931) 

O 2 0-9883 0.1629 0.7946 0-0018 0.0005 0.0006 0.89 
(0.983) ( 0 - 1 6 9 )  (0.800) 

Oa 0.4958 0.1707 0.0600 0.0018 0.0005 0-0006 1.01 
(0-505) ( 0 - 1 6 9 )  (0.061) 

This ref inement  was carried out using an I.B.M. 70"4 
program by Sayre,  modified by  Vand.  This p rogram 
refines all positional paramete rs  and  individual  iso- 
tropic t empera tu re  factors.  The normal-equat ion 
mat r ix  is approx imated  by  including only the cross- 
terms between paramete rs  of the same a tom and unit  
weights are used throughout .  The atomic form fac- 
tors were stored in tables a t  intervals  of 2 sin 0/A 
equal to 1/32 /~-1. In te rmedia te  values are l inearly 
interpolated.  The oxygen and  carbon form factors 
were those of McWeeny (1951) and the  sodium form 
factor  was t h a t  of Viervoll and Ogrim (1949). A tota l  
of 374 reflections (329 observed and  45 unobserved) 
were used in the refinement.  The intensities of the 
unobserved reflections were t aken  to be one half  of 
the min imum observable value. An initial t empera tu re  
factor  of B = 0 - 5  was assumed for all atoms. During 
the least  squares ref inement  the  reliabili ty index de- 
creased from R = 0 . 3 2 5  to R = 0 . 1 0 8  while the  sum of 
the  squares of the  deviations,  X [ F o - F c ]  2, decreased 
from 8,388 to 750. The final calculated and observed 
s t ructure  factors appear  in Table 1. The final pa ram-  
eters and their  s t anda rd  deviations appear  in Table 2. 
The final observed electron densi ty  projection @(y, z) 
appears  in Fig. 1. All a t t emp t s  to locate the  hydrogen 
a tom failed. 

b/2 

y 

I . .  

z ~ c/2 

Fig. 1. Final observed electron density projection @(yz). 

D i s c u s s i o n  of  s t r u c t u r e  

Fig. 2 represents the  projection of the  s t ruc ture  
down the a and b axes. The crystal  is seen to consist 
of layers of anions a l ternat ing with cationic layers  
approx imate ly  parallel  to the  102 planes. 

o~ S o o ;  

/" O" .,'" Na' a 
a \,..,~ .,,"<./0] Na ,./Cc~ 

1 /4  " " 2 07 

O¸ 

O~' 

Fig. 2. Projection of the sodium bicarbonate structure 
down the a and b axes. 

Each  sodium ion is surrounded by  six oxygen a toms  
in a slightly dis tor ted octahedral  a r rangement .~The  
various N a + . . - 0  distances range f rom 2.389 to 
2.471 _~ with an average value of 2.438 /~. Zacharia-  
sen (1933) repor ted  values for these distances from 
2.37 to 2.57 A with an average value of 2-47 J~, wi th  
individual  distances differing from our values by  
about  +0.08 ~ .  These values of the  N a + . . .  0 dis- 
tance agree with other  values reported in the  l i terature.  
The following values have  been determined;  sodium 
nitr i te  (Carpenter,  1952), 2.47 and 2.52 A;  sodium 
thiosulfate pen t ahyd ra t e  (Taylor & Beevers, 1952), 
2.38-2.53 _~ and  in sodium chlorate (Zachariasen, 
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1929), 2.46 A. The stereographic projection of the 
sodium ion coordination sphere in Fig. 3 illustrates 
the degree of distortion from a regular octahedral 
arrangement of oxygen atoms. 

Fig. 3. Stereographic  pro jec t ion  of the  sod ium ion 
coordinat ion sphere. 

The anionic layers consist of infinite chains of 
hydrogen bonded bicarbonate ions. The dimensions 
of the bicarbonate ion are given in Fig. 4. Within 
experimental error the ion exhibits Cev symmetry. 
The four heavy atoms of each bicarbonate group are 
planar to within 0.01 A. The unit normal to this 
plane is N--  - 3.1316a* - 0.8923b* + 5.9773c*, where 
a*, b*, and c* are the three reciprocal cell vectors. 
This plane is at an angle of 5 ° 36' to the (105) crystal 
planes, thus resulting in a slightly pleated hydrogen 
bonded chain. One of the primary assumptions made 
by Zachariasen (1933) was that, since the crystal 
cleavage plane is the (102) plane, the hydrogen bonded 
anions must form sheets parallel to this plane. His 
other basic assumption was that  the CO3 group is 
trigonal planar with a C-O bond distance of 1.27 /~. 
The problem of determining the anionic configuration 
thus reduced to a four parameter problem, the loca- 
tion of the carbon atom and a single rotation of the 
COs group about its center. The best fit with observa- 
tion led to a hydrogen bond distance of 2.55 /~. In 
detail we have found the following. Only two of the 
oxygen atoms are involved in hydrogen bonding, the 
hydrogen atom being covalently bonded to 08 and 
eleetrostatically bonded to 0z. The 03 • • • 02 distance 
of 2.595 A and the hydrogen bond C - O n " "  02 of 
112 ° 56' are as expected. The bond length of 1.346 A 
found for the C-03 distance is shorter than the single 
bond value of 1.43 A found in paraffinic alcohols 
and corresponds to 14 % double bond character 
(Vaughan & Donohue, 1952). In the frce ion, both 
the C-O1 and C-02 bonds would be predicted to have 
50% double bond character, or a bond distance of 
1.255 J~. The observed values of 1.264 and 1.263 A, 
respectively, agree well with this value, and also 

indicate that  the hydrogen bond does not seriously 
effect the 0~ bonding electrons. The total bond order 
of the carbon atom is 4.10 and is not significantly 
different from the expected value of 4.00. 

1.346 A 

116o16 • 
118 ° 46' ~,\ 

" " ~ 1 2 Z ~  '58 ' /  " ~ , ~  

Fig. 4. The b ica rbona te  ion. 

The dimensions of the bicarbonate ion as observed 
in other salts differ considerably from those reported 
here for sodium bicarbonate. In potassium bicarbonate 
(Nitta, Tomiie & Hoe Koo, 1952) the bicarbonate ions 
form hydrogen bonded dinners as illustrated in Fig. 5. 
In this case, both the oxygen atoms involved in 
hydrogen bonding have similar carbon-oxygen dis- 
tances, namely 1-32 A and 1-33 /~. The third carbon- 
oxygen distance of 1-28 A results in an overall carbon 
bond order of 3.78. The structure of sodium sesqui- 
carbonate dihydrate (Brown, Peiser & Turner-Jones, 
1949) contains two carbonate groups joined by a 
symmetrical hydrogen bond of  length 2.53 J~. These 
dimers are joined to each other through the two water 
molecules by somewhat longer hydrogen bonds into 
infinite chains as shown in Fig. 5. All of the carbon- 
oxygen bond distances are quite short. The carbon- 
oxygen bonds of the non-hydrogen bonded oxygen 
atom and of that  which is hydrogen bonded to the 
water molecule both are 1.23 A in length, with a 
calculated double bond character of 68 %. The carbon- 
oxygen bond of the symmetrically hydrogen bonded 
oxygen atom is 1.26 A in length, corresponding to 
48% double bond character. These values seem re- 
markably short when compared to the measured car- 
bon-oxygen distance of 1.294 A found in calcite (Sass, 
Vidale & Donohue, 1957). The overall bond order for 
the carbon atom is 4.84. 

A somewhat similar dependence of the carbon-oxy- 
gen bond length on environment occurs in the mono- 
carboxylic acids. Both formic acid and acetic acid 
exist in the vapor state as hydrogen bonded dimers 
and in the solid state as infinite hydrogen bonded 
chains. The two formic acid C-O bond distances are 
1.25 and 1.36/~ in the dimeric vapor (Karle & Brock- 
way, 1944) and 1.23 and 1.26 A in the solid (Holtzberg, 
Post & Fankuchen, 1953). Similarly, in the case of 
acetic acid, the C-O bond distances are 1.25 and 1-36/~ 
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Fig. 5. (a) Schematic diagram of the bicarbonate ion in the 
potassium salt. (b) Schematic diagram of the hydrogen 
bond system in sodium sesquicarbonate. 

in the  dimeric vapor  (Karle & Brockway,  1944) and  
1.24 and  1.29 ~ in the  solid (Jones & Templeton,  
1958). 

I t  is t empt ing  to draw comparisons be tween  the 
dimeric forms of these acids in the  vapor  s ta te  and  
the  dimeric b icarbonate  ions in the  potassium salt, 
and  similarly between the  infinite chain systems of 
these acids in the solid s ta te  with the  corresponding 
bicarbonate  chains in the sodium salt. A more valid 

comparison would result  however  if d a t a  were avail- 
able for the  crystal  s t ructures  of other  carboxylic 
acids such as propanolc,  butyric ,  valeric, etc. Work  
on these acids has been s ta r ted  and will be discussed 
in future  papers.  

These studies were suppor ted by  the  Nat ional  
Aeronaut ic  and Space Adminis t ra t ion.  
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Thermal Expansion of Triglycine Sulphate 
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(Received 6 February 1961) 

The thermal expansion of triglycine sulphate, which exhibits ferroelectric behaviour, has been 
investigated both below and above the Curie point by the interferometric method. Along all the 
directions studied there is an abrupt  reversal of sign of the expansion coefficient at  the Curie point. 
Investigations carried out with various rates of heating and cooling have shown tha t  there is no 
thermal hysteresis. The shortest hydrogen bond in the unit cell of the crystal is found to coincide 
with the direction of maximum expansion. The results are compared with the X-ray measurements 
of Ezhkova et al. (1959). 

Introduction 

Triglycine sulphate (NH2CH~C00H)sHgS04 crystal-  
lizes in the  monoclinie system and is found to be 
ferroelectrie a t  room tempera tu re  (Matthias et al., 
1956). Morphological and X - r a y  studies of Mat thias  
et al. (1956) and Hoshino et al. (1957) have  shown 

t h a t  the space group is P21 in the  ferroelectric phase,  
and above the  Curie point  of 47 °C. the  space group 
is P21/m. The crystal  belongs to the  uniaxial  ferro- 
electric group and  the  direction of spontaneous 
polarization i s  the  diad b-axis of the  crystal.  La te r  
workers have  given the  Curie point  to be about  50 °C. 
(Triebwasser, 1958; Fatuzzo,  1958). 
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