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Compton spectra of a-oxalic acid dihydrate single-crystal slices and powder samples were mea-
sured in a helium atmosphere using 59.537 keV 2 4 1 Am radiation. In the anisotropic case, the 
scattering vector was oriented parallel to the shortest hydrogen bond, in the direction of the C = O 
bond, parallel to the C — O bond and perpendicular to the (a, c)-plane. The comparison of theoretical 
reciprocal form factors, calculated with a local density-approximation (LDA) method for an a-
(COOH) 2 • 2 H 2 0 cluster in triple-zeta basis-set quality, with the experimental data has demon-
strated that there is a considerable influence of intermolecular interactions on the electronic struc-
ture. Further calculations including the intermolecular interactions of the first coordination sphere 
by symmetrical orthogonalisation of the LDA wave functions clearly improved the agreement of 
experiment and theory. A theoretical analysis of the reciprocal form factor Ba (s) in the direction of 
the three different hydrogen bonds of a-oxalic acid dihydrate on the basis of the cluster calculations 
has shown that in the region above s = 1.9 Ä all these bonds are dominated by electrostatic attrac-
tion and exchange repulsion of the donor and the acceptor system. 
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factor; Density functional calculations. 

1. Introduction 

C o m p t o n sca t te r ing is a n in te res t ing a n d useful 
m e t h o d for s t udy ing i n t r a m o l e c u l a r a n d i n t e r m o l e c u -
lar i n t e r ac t i ons such as h y d r o g e n b o n d i n g in c o n -
densed m a t t e r [1]. T h e e x p e r i m e n t uses X - r a y o r y-ray 
p h o t o n s , which excite the e l ec t rons of a t a rge t i n t o 
u n b o u n d s ta tes by t r ans fe r r ing energy a n d m o m e n -
t u m in a n inelast ic sca t t e r ing process . A C o m p t o n 
b a n d resul ts in the s p e c t r u m of sca t t e red p h o t o n s t ha t , 
in the m o d e l of vert ical t r a n s i t i o n s of a quas i - f r ee 
e lec t ron gas ( impulse a p p r o x i m a t i o n ) , reflects the dis-
t r i b u t i o n of m o m e n t u m c o m p o n e n t s q of t he e l ec t rons 
of the s a m p l e in the d i rec t ion of the s ca t t e r i ng vec to r 
k. T h e C o m p t o n prof i le J(q) ( exper imenta l ly c o n v o -
lu ted wi th a r e so lu t ion f u n c t i o n R(q) t o Jc(q)) is t he 
o n e - d i m e n s i o n a l p r o j e c t i o n of the t h r e e - d i m e n s i o n a l 
m o m e n t u m dens i ty n (p) o n t o the Ac-vector (for reviews 
see, e.g., [2, 3]). In s ingle-crysta l m e a s u r e m e n t s , it is 
d e p e n d e n t on the o r i e n t a t i o n of the s ca t t e r i ng vec to r 
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re la t ive to t h e c rys ta l c o o r d i n a t e system, t hus e n a b l i n g 
o n e to o b t a i n de ta i led d i rec t iona l i n f o r m a t i o n o n the 
chemica l b o n d s a n d in t e r ac t i ons in solid s ta te . 

At the I U C r confe rence in 1975, a -oxa l ic acid d ihy-
d ra t e , a - ( C O O H ) 2 • 2 H 2 0 , w a s selected as a n ob jec t 
f o r c o m p a r i n g bes t -poss ib le expe r imen ta l e l ec t ron 
dens i ty m a p s f r o m different l abo ra to r i e s , r esu l t ing in 
a g rea t n u m b e r of X- ray a n d n e u t r o n d i f f rac t ion a n a l -
yses [4], W i t h these e x p e r i m e n t a l d a t a [4, 5] a n d by 
c o m p a r i s o n w i th s t r uc tu r e f ac to r s based o n ref ined 
v i b r a t i o n a l l y ave raged theore t i ca l e lec t ron dens i ty 
d i s t r i bu t i ons , K r i j n et al. [6, 7] d e m o n s t r a t e d the in-
f luence of t he shor tes t h y d r o g e n b o n d a n d the 
c rys ta l e n v i r o n m e n t on the e lec t ron dens i ty in 
a - ( C O O H ) 2 • 2 H 2 0 a n d lowered the X- ray c rys ta l lo -
g r a p h i c R - f a c t o r f r o m 1 .3% to 1 .0%. 

O w i n g t o t he large n u m b e r of types of chemica l 
b o n d s in t h e crys ta l , the nea r ly (ant i-)paral lel o r i e n t a -
t i on of these b o n d s a n d its l ow p h o t o a b s o r p t i o n coef-
ficient, a - o x a l i c acid d i h y d r a t e is a l so a n in te res t ing 
sub jec t fo r C o m p t o n sca t t e r ing a n d offers a pa r t i cu -
lar ly f a v o u r a b l e o p p o r t u n i t y t o c o m b i n e pos i t i on a n d 
m o m e n t u m - s p a c e d a t a to a c o m p l e t e p i c tu re of the 
e lec t ron ic s t ruc tu r e . T h e rec ip roca l f o r m f ac to r ß a (s), 
wh ich is the final result of o u r d a t a p rocess ing of 
a - ( C O O H ) 2 • 2 H 2 0 C o m p t o n spec t ra , c o n t a i n s infor -
m a t i o n n o t p re sen t in the pos i t i on dens i ty Q (r) a b o u t 
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Fig. 1. The oxalic-acid molecule in crystalline a-(COOH) 2 
• 2 H 2 0 is surrounded by six nearest-neighbour H 2 0 mole-
cules. The three different hydrogen bonds are marked by 
Roman numerals with increasing bond length. 

t he e lec t ron ic s t r uc tu r e of chemica l b o n d i n g in t he 
crys ta l e n v i r o n m e n t . T h e c o r r e s p o n d i n g theo re t i ca l 
ß a (5) were ca lcu la ted wi th the s a m e basis set [7], c rys-
tal c o o r d i n a t e s [5] a n d dens i ty f u n c t i o n a l t h a t K r i j n 
et al. [6] have used for their c o m p a r i s o n of the e l ec t ron 
dens i ty d i s t r ibu t ions . F o r this r eason , the in f luence of 
t he i n t e r m o l e c u l a r in t e rac t ions o n the e lec t ron dens i t y 
a n d the rec ip roca l f o r m fac to r can be c o m p a r e d w i th -
o u t a r t e fac t s of di f ferent i n p u t p a r a m e t e r s . 

a - O x a l i c acid d i h y d r a t e h a s a m o n o c l i n i c s t r u c t u r e 
(space g r o u p P 2 1 / c ) t h a t is bui l t u p of cha ins of oxa l ic -
acid a n d w a t e r molecu les c o n n e c t e d by va r ious h y d r o -
gen b o n d s . T h e oxal ic-acid mo lecu le is a d o n o r of t w o 
s h o r t h y d r o g e n b o n d s wi th a l eng th [5] of 1.418 Ä (I in 
Fig. 1) a n d an a c c e p t o r of f ou r w e a k h y d r o g e n b o n d s 
wi th l eng ths of 1.88 Ä a n d 1.92 Ä (II, III in Fig . 1), 
respect ively. 

The re fo re , the theore t ica l ca l cu la t ions of £ a ( s ) 
s t a r t e d f r o m the a s s u m p t i o n t h a t the e lec t ronic s t ruc -
t u r e of a - ( C O O H ) 2 • 2 H 2 0 can be descr ibed as a su-

p e r p o s i t i o n of oxal ic-ac id a n d w a t e r wave func t ions . 
T h e i n t e r m o l e c u l a r i n t e r ac t i ons were then i n t r o d u c e d 
s tep by s tep by inc reas ing the c lus te r size, t h u s m a k i n g 
it poss ib le to ana ly se the inf luence of the dif ferent 
b o n d i n g effects in t he r ec ip roca l f o r m fac tor . 

2. Experimental Detai l s 

T h e single c rys ta l s of a - ( C O O H ) 2 • 2 H 2 0 were o b -
t a ined by g r o w i n g seeds in a s a t u r a t e d a q u e o u s so lu-
t ion o r a c e t o n - w a t e r m i x t u r e [8] in a t e m p e r a t u r e 
r a n g e of 40° t o 28 °C wi th coo l ing ra tes of 0 . 0 2 5 -
0.050 °C per day . T h e o r i e n t a t i o n of the c rys ta l lo-
g r a p h i c /c-vector of the p r e p a r e d th in crysta l slices 
( th ickness d = 1.51 m m - 2 . 9 m m ) w a s d o n e wi th the 
L a u e t echn ique . T h e a i m of o u r c u r r e n t s ingle-crystal 
m e a s u r e m e n t s is t o o b t a i n a g rea t n u m b e r of d i f ferent 
d i r ec t i ona l r ec ip roca l f o r m f ac to r s t o be used to r econ-
s t ruc t the t h r e e - d i m e n s i o n a l m o m e n t u m dens i ty of 
a - ( C O O H ) 2 • 2 H 2 0 . T h e c o m p l e t e d a t a set of these 
t i m e - c o n s u m i n g a n i s o t r o p i c m e a s u r e m e n t s (9 days 
per d i rec t ion) will be the sub jec t of a f u t u r e pub l i ca -
t ion . 

T h e p o w d e r samples (d — 0.75 m m - 4 . 6 1 m m , 7 sam-
ples) cons i s t ed of f inely pulver i sed a -oxa l ic acid d ihy-
d ra t e , wh ich were m o l d e d to t h i n s labs by pressure . 
T h e d isk s h a p e of the s a m p l e s dec reased the mul t ip le -
sca t t e r i ng e r ro r , wh ich was add i t i ona l l y co r rec ted by 
e x t r a p o l a t i o n to ze ro th ickness [9]. T h e i so t rop ic d a t a 
a re g iven in Tab le 1. T h e C o m p t o n m e a s u r e m e n t s 
were ca r r i ed o u t in a he l i um a t m o s p h e r e in o r d e r to 
p r e v e n t t he h y d r a t e w a t e r f r o m be ing qu ick ly re-
m o v e d , w h i c h w o u l d be the case in v a c u u m [10]. T h e 
v a p o u r pressure w a s kep t cons t an t wi th C u S 0 4 • 5 H 2 0 
p o w d e r in t he s a m p l e c h a m b e r . M a n g a n o m e t r i c t i t ra -
t ions a n d we igh ing of the s a m p l e s a f te r the m e a s u r e -
m e n t s g u a r a n t e e d a p u r i t y of h ighe r t h a n 99 .5%. 

T h e 2 4 1 A m sources have a n intense 59.537 keV y-ray 
emiss ion , wh ich w a s e m p l o y e d as p r i m a r y energy 
hco 1 . T h e sca t t e r ing ang le of the s p e c t r o m e t e r was 
159.6° fo r the s ingle-crys ta l e x p e r i m e n t a n d 165.1° for 
the p o w d e r e x p e r i m e n t . T h e sca t t e red r a d i a t i o n was 
a n a l y s e d wi th a p l a n a r in t r ins ic G e de t ec to r (Pr ince-
t o n - G a m m a - T e c h ) . 

T h e C o m p t o n prof i les J c (0) o b t a i n e d f r o m o u r d a t a 
p roces s ing a re a t first c o n v o l u t e d wi th a G a u s s i a n of 
full w i d t h at half m a x i m u m Aq = 0.542 p0 for the di-
r ec t i ona l a n d Aq = 0.604 p0 fo r the i so t rop ic m e a -
su remen t s (p0 = h/a0 = 1 D u m o n d = 1.99289 • 1 0 " 2 4 
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Table 1. The isotropic Ba (s), experiment vs. theory. The a 
of the experiment is between 0.0095 (s = 2.1 A) 0.010 
(s = 3.15 A), 0.046 (s = 1.05 Ä) and 0.075 (s = 0.45 A). The 
momentum range for the Fourier analysis of the experimen-
tal Compton profils is ±11.0831 p0 ((b)-(f) analogous to 
Figure 3 a). 

s/k Ba(s) 

(exp.) (b) (c) (d) (e) (f) 

0.00 65.701 66.000 66.000 66.009 66.000 66.009 
0.15 57.580 56.665 56.655 56.659 56.644 56.647 
0.30 45.203 44.460 44.419 44.413 44.387 44.376 
0.45 35.668 35.062 34.980 34.961 34.922 34.895 
0.60 27.622 27.348 27.223 27.192 27.142 27.098 
0.75 20.785 20.742 20.579 20.538 20.479 20.420 
0.90 14.931 15.164 14.970 14.920 14.855 14.784 
1.05 10.262 10.633 10.417 10.359 10.292 10.212 
1.20 6.653 7.127 6.897 6.835 6.768 6.681 
1.35 4.048 4.545 4.313 4.248 4.186 4.095 
1.50 2.225 2.735 2.512 2.445 2.391 2.298 
1.65 1.058 1.527 1.324 1.257 1.213 1.120 
1.80 0.334 0.764 0.589 0.525 0.491 0.402 
1.95 - 0 . 0 6 5 0.312 0.172 0.112 0.089 0.005 
2.10 - 0 . 2 5 0 0.067 - 0 . 0 3 6 - 0 . 0 9 1 - 0 . 1 0 2 - 0 . 1 7 9 
2.25 - 0 . 3 0 4 -0 .051 - 0 . 1 1 9 - 0 . 1 6 7 - 0 . 1 6 9 - 0 . 2 3 6 
2.40 - 0 . 2 9 3 - 0 . 0 9 7 - 0 . 1 3 4 - 0 . 1 7 4 - 0 . 1 6 9 - 0 . 2 2 6 
2.55 - 0 . 2 4 2 - 0 . 1 0 5 - 0 . 1 2 0 - 0 . 1 5 1 - 0 . 1 4 0 - 0 . 1 8 6 
2.70 - 0 . 1 8 5 - 0 . 0 9 6 - 0 . 0 9 6 - 0 . 1 1 8 - 0 . 1 0 5 - 0 . 1 3 8 
2.85 - 0 . 1 2 4 - 0 . 0 8 1 -0 .072 - 0 . 0 8 6 - 0 . 0 7 3 - 0 . 0 9 4 
3.00 - 0 . 0 8 3 - 0 . 0 6 6 - 0 . 0 5 3 - 0 . 0 6 0 - 0 . 0 4 9 - 0 . 0 6 0 
3.15 - 0 . 0 4 5 - 0 . 0 5 3 - 0 . 0 3 9 - 0 . 0 4 0 - 0 . 0 3 2 - 0 . 0 3 5 
3.30 - 0 . 0 2 8 - 0 . 0 4 2 - 0 . 0 2 9 - 0 . 0 2 6 - 0 . 0 2 2 - 0 . 0 1 9 
3.45 -0 .011 - 0 . 0 3 3 - 0 . 0 2 2 - 0 . 0 1 7 - 0 . 0 1 6 - 0 . 0 0 9 
3.60 0.000 - 0 . 0 2 6 - 0 . 0 1 7 - 0 . 0 1 1 - 0 . 0 1 2 - 0 . 0 0 4 
3.75 0.003 - 0 . 0 2 0 -0 .014 - 0 . 0 0 8 - 0 . 0 0 9 - 0 . 0 0 2 
3.90 0.008 - 0 . 0 1 5 -0 .011 - 0 . 0 0 6 - 0 . 0 0 7 - 0 . 0 0 1 
4.05 0.008 - 0 . 0 1 2 -0 .008 - 0 . 0 0 5 - 0 . 0 0 6 - 0 . 0 0 1 
4.20 0.005 - 0 . 0 0 9 - 0 . 0 0 6 - 0 . 0 0 4 - 0 . 0 0 5 - 0 . 0 0 1 
4.35 0.003 - 0 . 0 0 6 - 0 . 0 0 4 - 0 . 0 0 3 - 0 . 0 0 3 - 0 . 0 0 1 
4.50 - 0 . 0 0 4 - 0 . 0 0 5 - 0 . 0 0 3 - 0 . 0 0 2 - 0 . 0 0 2 0.000 
4.65 - 0 . 0 0 2 - 0 . 0 0 3 -0 .002 - 0 . 0 0 1 - 0 . 0 0 1 0.000 
4.80 - 0 . 0 0 2 - 0 . 0 0 2 -0 .001 - 0 . 0 0 1 - 0 . 0 0 1 0.000 

k g m/s). Af te r the F o u r i e r analys is t o Ba (s), t he c o n v o -
lu t i on of Jc (q) t he re fo re leads t o a d i f ferent mul t ip l i ca -
t ive a t t e n u a t i o n of the rec iproca l f o r m f ac to r B(s) t o 
B a (s). Hence , t he a t t e n u a t i o n of t he p o w d e r d a t a h a s 
s u b s e q u e n t l y been c h a n g e d t o t he va lue of the single-
crys ta l ones to p u t all d a t a on t he s a m e foo t ing . F o r 
t he s a m e reason , all theore t ica l r ec ip roca l f o r m f a c t o r s 
B (s) h a d to be mul t ip l i ed wi th the G a u s s i a n f u n c t i o n 
G(s) = exp[— (s/3.2514 Ä)2] for the c o m p a r i s o n . 

3. Quantum-Mechanical Calculations 

T h e ca lcu la t ions were d o n e by us ing the dens i ty 
f u n c t i o n a l L C A O - M O - S C F p r o g r a m of B a e r e n d s 
et al. [11] wi th a t r ip le-zeta bas is set [7] of C a r t e s i a n 

S la te r - type o r b i t a l s (STOs) w i th p o l a r i s a t i o n func -
t ions u p to 3 d fo r t h e h y d r o g e n a t o m s a n d u p t o 4 f fo r 
c a r b o n ( f rozen 1 s -core) a n d oxygen (frozen 1 s-core) 
a t o m s . T h e f r o z e n - c o r e a p p r o x i m a t i o n [12] o n C a n d 
O saved c o m p u t e r t ime a n d disk s to r age c a p a c i t y 
w i t h o u t r e d u c i n g t he qua l i ty of the ca lcu la ted w a v e 
f u n c t i o n s s igni f icant ly . T h e app l i ed exchange -co r r e l a -
t ion (XC) p o t e n t i a l w a s a s u m of the local a p p r o x i m a -
t ion to e x c h a n g e o w i n g to K o h n a n d S h a m [13] a n d 
the local a p p r o x i m a t i o n to c o r r e l a t i o n of Vosko , Wi lk 
a n d N u s a i r ( V W N ) [14], wh ich is ba sed o n M o n t e -
C a r l o s tudies of C e p e r l y a n d Alde r [15] fo r the h o m o -
geneous e l ec t ron gas. T h e e x c h a n g e - c o r r e l a t i o n p o -
tent ia l was m o d i f i e d wi th the m e t h o d of Stoll [16, 17] 
t o cor rec t the o v e r e s t i m a t i o n of the co r r e l a t i on be-
tween e lec t rons w i t h the s a m e sp in in the local d e n -
sity a p p r o x i m a t i o n (LDA). T h e c lus ter ca l cu l a t ions 
(Fig. 2 a, c) w e r e co r r ec t ed fo r the basis set s u p e r p o s i -
t i on e r ro r (BSSE) a c c o r d i n g t o Boys a n d Be rna rd i ' s 
c o u n t e r p o i s e p r inc ip l e [18] by eva lua t i ng the f r ag -
m e n t s of the c o m p l e x in the c o m b i n e d basis set of the 
who le complex . 

T h e di f ferent c lus te rs (Fig. 2 a - d ) were bui l t u p 
f r o m f r a g m e n t molecu le s (p rocomplex) . T h e a d v a n -
tages of this m e t h o d a re the t r a n s p a r e n t analys is of the 
w e a k i n t e r a c t i o n s in a c lus ter a n d a g o o d s t a r t i ng 
p o i n t for the L D A - S C F i t e ra t ion of the complex . O u r 
s y m m e t r i c a l - o r t h o g o n a l i s a t i o n p r o g r a m is ba sed o n a 
series e x p a n s i o n a c c o r d i n g t o L ö w d i n [19, 20]. T h e 
d i rec t iona l r e c i p r o c a l f o r m f ac to r s were o b t a i n e d by 
a u t o c o r r e l a t i o n of t he one-e lec t ron wave f u n c t i o n s in 
pos i t i on space . T h e i so t rop ic Ba (s) was ca lcu la ted by 
F o u r i e r t r a n s f o r m a t i o n of the spher ica l ly a v e r a g e d 
m o m e n t u m dens i ty . 

T h e theo re t i ca l ana lys i s of the rec ip roca l f o r m fac-
t o r in the d i r e c t i o n of the h y d r o g e n b o n d s of a -oxa l ic 
acid d i h y d r a t e is b a s e d o n t he c o m p a r i s o n b e t w e e n 
L D A - S C F a n d s y m m e t r i c a l - o r t h o g o n a l i s a t i o n resul ts 
for the d o n o r - a c c e p t o r sys tem in a fixed geome t ry . 
T h e scheme of t h u s d e c o m p o s i n g B (s) i n to f i r s t -o rde r 
( symmet r ica l o r t h o g o n a l i s a t i o n ) a n d h i g h e r - o r d e r 
( L D A - S C F ) effects [1] is a n a l o g o u s to a n ana lys i s of 
t he i n t e r ac t ion e n e r g y in t e r m s of v a r i o u s energy c o n -
t r i b u t i o n s [21]. 

4. Results and Discussion 

T h e Ba (s)-curves fo r the c o m p a r i s o n of t heo ry a n d 
expe r imen t (Fig . 3 a - e ) a re d r a w n in the s - r a n g e f r o m 
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Fig. 2a. Cluster A: C 2 H 2 0 4 • 2 H 2 0 . The molecules were 
drawn by using shaded circles for carbon, filled circles for 
hydrogen and empty circles for the oxygen atoms in the 
Figures 2 a - d . 

Fig. 2d. Cluster D: [ ( C 2 H 2 0 4 • 2 H 2 0 ) • 4 H 2 0 ] 3 . 

Fig. 2b. Cluster B: ( C 2 H 2 0 4 • 2 H 2 0 ) 3 . 

1.2 to 5.0 Ä. T h e o rb i t a l c o n t r i b u t i o n s of t he 1 s co re 
e lec t rons of oxygen a n d c a r b o n vir tual ly v a n i s h be-
y o n d 1.5 Ä, so t h a t all these curves a re d o m i n a t e d by 
the va lence e lec t rons . 

T h e m e a s u r e d rec ip roca l f o r m f a c t o r of a-
( C 0 0 H ) 2 - 2 H 2 0 is necessar i ly a s u p e r p o s i t i o n of 
t w o different i n t e rac t ion c o m p o n e n t s in t he c rys ta l 
s t ruc tu re , since the a lmos t p l a n a r oxal ic -ac id mole -
cules of n e i g h b o u r i n g s t acks a re t i l ted a g a i n s t each 
o the r . Th i s fact reduces the a n i s o t r o p y of the m o m e n -

t u m dens i ty of a -oxa l ic acid d i h y d r a t e in m o s t direc-
t ions , b u t n o t in the (a, c) -plane a n d para l le l to the 
A-direct ion (Fig. 3 b). 

T h e di f ference of the e x p e r i m e n t a l a n d the theore t i -
cal d a t a d e p e n d s s t rong ly o n the selected d i rec t ion in 
the c rys ta l (see Fig. 3 a, b, d) a n d on the c o r r e s p o n d i n g 
c lus ter type (F igure 2 a - d ) . T h e oxal ic-acid molecu les 
in the crys ta l a re in f luenced by h y d r o g e n b o n d s a n d 
w e a k i n t e r m o l e c u l a r i n t e r a c t i o n s of the n e i g h b o u r i n g 
molecules . T h e [ ( C 2 H 2 0 4 • 2 H 2 0 ) • 4 H 2 0 ] 3 c lus ter 
(cluster D) ca l cu l a t i on genera l ly shows the best agree-
m e n t b e t w e e n t h e o r y a n d expe r imen t (see cu rve (f), 
Fig. 3 a - e ) , because all first-order in t e rac t ion con t r i -
b u t i o n s of the first c o o r d i n a t i o n sphere a re inc luded 
by s y m m e t r i c a l o r t h o g o n a l i s a t i o n (F igure 2d) . T h e re-
d u c e d a n i s o t r o p y of the expe r imen ta l rec iproca l f o r m 
f ac to r is the resul t of a s u p e r p o s i t i o n of di f ferent in ter -
m o l e c u l a r i n t e r a c t i o n s a n d necess i ta tes to c o m p a r e 
the e x p e r i m e n t a l d a t a wi th the resul ts of ca lcu la t ions 
for l a rge c lus ters in o r d e r t o o b t a i n a be t t e r a g r e e m e n t 
(see, e.g., F i g u r e 3 c, d). 

T h e smal l dev i a t i on of the curves (e) a n d (f) in 
Fig. 3 b s h o w s tha t the ^ -d i rec t ion is d o m i n a t e d by the 
s tack of oxal ic -ac id a n d w a t e r molecules (see Fig. 2 b) 
in the c rys ta l s t ruc tu re . T h e h y d r o g e n b o n d s a re 
l oca t ed in the p l a n e of the oxal ic-acid molecule , per -
p e n d i c u l a r to the selected o r i e n t a t i o n of the sca t t e r ing 
vec tor para l le l to b in the m e a s u r e m e n t (see F i g u r e 1). 
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B'{ 3) 

Fig. 3 a. Ba (s) in the direction of the strongest hydrogen 
bond (see I in Fig. 1) as a function of s, theory vs. experiment, 
(a) The experimental reciprocal form factor Ba(s). (b) The 
Ba(s)-curve resulting from a superposition of the contribu-
tions from one oxalic-acid molecule and one pair of water 
molecules (cluster A), (c) The £ a (s)-curve of an LDA-cal-
culation of the oxalic acid dihydrate complex (cluster A), 
(d) The Ba (s)-curve is the result f rom a symmetrical-orthogo-
nalisation procedure of three LDA wave functions of the 
oxalic acid dihydrate complex (cluster B). (e) The Ba (s)-curve 
of a symmetrical-orthogonalisation calculation of the a-
(COOH) 2 • 2 H 2 0 LDA wave function including the first-or-
der interactions of the four nearest water molecules (cluster 
C). (f) The Ba (s)-curve resulting from a symmetrical-orthogo-
nalisation procedure of the a - (COOH) 2 • 2 H 2 0 LDA wave 
function in the neighbourhood of the complete first coordi-
nation-sphere (cluster D). 

0"(S) 

Fig. 3 b. Ba(s) in A-direction as a function of s, theory vs. 
experiment (curves (a)-(f) analogous to Figure 3a). 

Fig. 3 c. Ba{s) in C ( l ) - 0 ( 1 ) direction as a function of s, the-
ory vs. experiment (curves (a) - ( f ) analogous to Figure 3 a). 

B'[ 3) 
0 3 

11 
0 2 I 
0 1 1 
0 0 
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- 0 
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(e) 

- 0 3 
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Fig. 3d. Ba(s) in the C ( l ) - 0 ( 2 ) direction as a function of s, 
theory vs. experiment (curves (a)-(f) analogous to Figure 3 a). 

0 8 (s ) 

Fig. 3 e. The isotropic reciprocal form factor Ba (s) as a func-
tion of s, theory vs. experiment (curves (a)-(f) analogous to 
Figure 3 a). A summary of the experimental and theoretical 
data is given in Table 1. 
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Table 2. Theoretical analysis of the 0 ( 3 ) - H ( l ) hydrogen 
bond. 

s/k B(s) 

LDA LDA LDA H F H F 
tot.* ort.$ sup.§ tot.* sup.§ 

0.00 66.0000 66.0000 66.0000 66.0000 66.0000 
0.15 56.7440 56.7206 56.7646 56.7077 56.7337 
0.30 44.7026 44.6320 44.7774 44.6563 44.7483 
0.45 35.5049 35.3806 35.6488 35.4140 35.5867 
0.60 27.9850 27.8067 28.2012 27.7532 28.0064 
0.75 21.5031 21.2780 21.7930 21.0965 21.4283 
0.90 15.9138 15.6592 16.2816 15.3581 15.7696 
1.05 11.2054 10.9509 11.6585 10.5617 11.0550 
1.20 7.3887 7.1749 7.9344 6.7340 7.3079 
1.35 4.4502 4.3159 5.0865 3.8520 4.4949 
1.50 2.3335 2.2924 3.0351 1.8305 2.5102 
1.65 0.9221 0.9559 1.6353 0.5274 1.1895 
1.80 0.0734 0.1490 0.7234 - 0 . 2 1 8 3 0.3583 
1.95 - 0 . 3 3 1 9 - 0 . 2 5 0 7 0.1663 - 0 . 5 3 9 6 -0 .1212 
2.10 - 0 . 3 9 9 9 -0 .3471 - 0 . 1 4 2 5 - 0 . 5 5 1 7 -0 .3578 
2.25 - 0 . 2 4 9 4 - 0 . 2 5 0 9 -0 .2859 - 0 . 3 7 4 3 -0 .4371 
2.40 - 0 . 0 3 6 7 - 0 . 1 0 1 4 - 0 . 3 2 7 5 -0 .1471 -0 .4251 
2.55 0.1013 -0 .0131 -0 .3182 0.0157 -0 .3712 
2.70 0.1533 0.0166 -0 .2949 0.1001 -0 .3084 
2.85 0.1490 0.0151 -0 .2698 0.1249 -0 .2492 
3.00 0.1080 - 0 . 0 0 6 6 -0 .2451 0.1069 -0 .1981 
3.15 0.0442 - 0 . 0 4 2 0 -0 .2228 0.0618 -0 .1580 
3.30 -0 .0288 - 0 . 0 8 3 3 -0 .2040 0.0042 -0 .1291 
3.45 - 0 . 0 9 9 2 - 0 . 1 2 2 7 -0 .1883 - 0 . 0 5 3 3 -0 .1097 
3.60 - 0 . 1 5 7 9 - 0 . 1 5 3 8 -0 .1743 - 0 . 1 0 1 7 -0 .0972 
3.75 - 0 . 1 9 9 2 - 0 . 1 7 2 5 -0 .1604 - 0 . 1 3 6 0 -0 .0883 
3.90 - 0 . 2 2 0 5 - 0 . 1 7 7 2 - 0 . 1 4 5 2 - 0 . 1 5 4 9 -0 .0804 
4.05 - 0 . 2 2 2 7 - 0 . 1 6 8 7 -0 .1283 - 0 . 1 5 9 4 -0 .0720 
4.20 -0 .2091 - 0 . 1 5 0 2 - 0 . 1 1 0 5 - 0 . 1 5 1 9 -0 .0627 
4.35 - 0 . 1 8 3 8 - 0 . 1 2 5 4 - 0 . 0 9 2 5 - 0 . 1 3 5 6 -0 .0529 
4.50 - 0 . 1 5 1 5 - 0 . 0 9 8 5 -0 .0754 - 0 . 1 1 3 7 -0 .0434 
4.65 - 0 . 1 1 6 0 - 0 . 0 7 2 8 -0 .0597 - 0 . 0 8 9 2 -0 .0345 
4.80 - 0 . 0 8 0 9 - 0 . 0 5 0 9 -0 .0456 - 0 . 0 6 4 7 -0 .0267 
4.95 - 0 . 0 4 9 0 - 0 . 0 3 3 5 -0 .0333 - 0 . 0 4 2 6 -0 .0200 
5.10 -0 .0238 - 0 . 0 2 0 2 -0 .0229 - 0 . 0 2 5 0 -0 .0146 
5.25 - 0 . 0 0 7 5 - 0 . 0 1 0 6 -0 .0144 - 0 . 0 1 2 9 -0 .0103 
5.40 0.0006 - 0 . 0 0 4 9 -0 .0078 - 0 . 0 0 5 4 -0 .0069 
5.55 0.0033 -0 .0021 -0 .0027 - 0 . 0 0 1 3 -0 .0044 
5.70 0.0038 -0 .0005 0.0011 0.0007 -0 .0025 
5.85 0.0037 0.0006 0.0039 0.0014 -0 .0013 
6.00 0.0038 0.0016 0.0061 0.0015 -0 .0005 

* Calculation of the complete complex. $ Symmetrical-or-
thogonalisation. § Procomplex without interaction. 
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Table 3. Theoretical analysis of the O (2)-H (2) hydrogen 
bond with LDA. 

s/k B(s) 

LDA tot.* LDA ort.$ LDA sup. 

0.00 82.0000 82.0000 82.0000 
0.15 77.7623 77.7437 77.7675 
0.30 68.5459 68.4892 68.5671 
0.45 57.7798 57.6786 57.8221 
0.60 46.9588 46.8115 47.0231 
0.75 36.7959 36.6045 36.8827 
0.90 27.6932 27.4639 27.8050 
1.05 19.9273 19.6715 20.0700 
1.20 13.6669 13.4009 13.8487 
1.35 8.8991 8.6430 9.1290 
1.50 5.4253 5.2012 5.7099 
1.65 2.9823 2.8110 3.3219 
1.80 1.3337 1.2291 1.7172 
1.95 0.2864 0.2479 0.6884 
2.10 - 0 . 3 1 3 2 - 0 . 3 0 2 3 0.0680 
2.25 - 0 . 5 8 6 0 - 0 . 5 5 0 2 - 0 . 2 7 4 9 
2.40 - 0 . 6 2 8 5 - 0 . 5 9 3 0 - 0 . 4 3 7 7 
2.55 - 0 . 5 2 5 3 - 0 . 5 1 1 0 - 0 . 4 9 0 6 
2.70 - 0 . 3 6 1 5 - 0 . 3 8 0 2 - 0 . 4 8 1 4 
2.85 - 0 . 2 1 3 6 - 0 . 2 6 3 6 - 0 . 4 4 0 7 
3.00 - 0 . 1 1 4 5 - 0 . 1 8 4 5 -0 .3871 
3.15 -0 .0584 - 0 . 1 3 5 1 - 0 . 3 3 1 0 
3.30 -0 .0328 - 0 . 1 0 5 7 - 0 . 2 7 7 7 
3.45 - 0 . 0 2 7 6 - 0 . 0 9 0 2 -0 .2298 
3.60 - 0 . 0 3 5 2 - 0 . 0 8 3 4 - 0 . 1 8 8 5 
3.75 -0 .0491 - 0 . 0 8 1 5 -0 .1541 
3.90 -0 .0641 - 0 . 0 8 1 5 - 0 . 1 2 6 2 
4.05 -0 .0769 - 0 . 0 8 1 2 -0 .1041 
4.20 -0 .0854 - 0 . 0 7 9 6 - 0 . 0 8 6 9 
4.35 -0 .0888 - 0 . 0 7 6 2 - 0 . 0 7 3 6 
4.50 -0 .0874 - 0 . 0 7 1 0 - 0 . 0 6 3 3 
4.65 - 0 . 0 8 2 0 - 0 . 0 6 4 5 -0 .0551 
4.80 -0 .0737 - 0 . 0 5 7 0 - 0 . 0 4 8 4 
4.95 - 0 . 0 6 3 9 - 0 . 0 4 9 2 - 0 . 0 4 2 7 
5.10 -0 .0535 - 0 . 0 4 1 6 -0 .0378 
5.25 -0 .0433 - 0 . 0 3 4 4 - 0 . 0 3 3 4 
5.40 -0 .0340 - 0 . 0 2 8 0 - 0 . 0 2 9 5 
5.55 -0 .0259 - 0 . 0 2 2 4 - 0 . 0 2 5 9 
5.70 - 0 . 0 1 9 2 - 0 . 0 1 7 8 - 0 . 0 2 2 7 
5.85 -0 .0138 - 0 . 0 1 4 0 -0 .0198 
6.00 - 0 . 0 0 9 7 - 0 . 0 1 1 1 - 0 . 0 1 7 3 

* Calculation of the complete complex. $ Symmetrical-or-
thogonalisation. § Procomplex without interaction. 

T h e in f luence of h y d r o g e n b o n d i n g o n the rec ipro-
cal f o r m f a c t o r is r evea led in Fig. 3 a by c o m p a r i n g the 
v a r i o u s c lus te r mode l s . T h e h igh sensi t ivi ty of Ba (5) for 
i n t e r m o l e c u l a r i n t e r a c t i o n s is i nd i ca t ed by the large 
d i f ference of the cu rves (b), (c), a n d (f) in F i g u r e 3 a. 
T h e w e a k h y d r o g e n b o n d s (see cu rves (c) a n d (e) in 
Fig. 3 a) a l so inf luence the d a t a since t he 0 ( 2 ) • • • H ( 3 ) 
b o n d is nea r ly para l le l t o the d i rec t ion of the s t ronges t 
h y d r o g e n b o n d (III a n d I in Fig. 1). T h e osci l la t ing 
b e h a v i o u r of the d a t a c a n be a t t r i b u t e d to the associ-

a t ion of the w a t e r a n d acid mo lecu le s in t he c rys ta l 
( c o m p a r e (b) a n d (c) in F i g u r e 3 a). 

T h e inf luence of the second w e a k h y d r o g e n b o n d (II 
in Fig. 1) c an be seen in Fig. 3 c (see curve (c), (e)). T h e 
s i tua t ion is s imi lar to t h a t of Fig. 3 a, b e c a u s e the 
C ( l ) - 0 ( 1 ) o r i e n t a t i o n of t he s ca t t e r i ng vec to r p o i n t s 
in to a lmos t the s ame d i r e c t i o n as the s econd w e a k 
h y d r o g e n b o n d of the p r o t o n - a c c e p t o r o x y g e n 0 ( 2 ) . 

T h e theore t i ca l analys is of t h e th ree di f ferent h y d r o -
gen b o n d s in Ba(s) is based o n t he a t t e n u a t e d differ-
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Table 4. Theoretical analysis of the 0 ( 2 ) - H ( 3 ) hydrogen 
bond with LDA. 

Table 5. Comparison of Hartree-Fock and LDA for the Ne 
atom. 

s/Ä B(s) s/Ä B'(s) 

LDA tot. * LDA ort.$ LDA sup.8 H F HFS LDA 

0.00 82.0000 82.0000 82.0000 0.00 10.0000 10.0000 10.0000 
0.15 77.6558 77.6366 77.6604 0.15 8.0260 7.9934 7.9993 
0.30 68.1937 68.1350 68.2131 0.30 5.8004 5.8322 5.8443 
0.45 57.1733 57.0697 57.2131 0.45 4.1082 4.1621 4.1781 
0.60 46.1888 46.0399 46.2507 0.60 2.7870 2.8391 2.8562 
0.75 36.0006 35.8099 36.0858 0.75 1.8020 1.8567 1.8726 
0.90 26.9941 26.7693 27.1057 0.90 1.1097 1.1616 1.1749 
1.05 19.3611 19.1147 19.5052 1.05 0.6481 0.6887 0.6989 
1.20 13.1681 12.9174 13.3535 1.20 0.3547 0.3800 0.3873 
1.35 8.3734 8.1395 8.6098 1.35 0.1769 0.1879 0.1927 
1.50 4.8486 4.6531 5.1423 1.50 0.0744 0.0748 0.0778 
1.65 2.4038 2.2658 2.7534 1.65 0.0191 0.0130 0.0147 
1.80 0.8297 0.7612 1.2219 1.80 - 0 . 0 0 8 2 - 0 . 0 1 7 3 - 0 . 0 1 6 5 
1.95 - 0 . 0 6 5 3 - 0 . 0 6 5 1 0.3428 1.95 -0 .0194 -0 .0293 -0 .0291 
2.10 - 0 . 4 5 1 1 - 0 . 3 9 9 1 -0 .0660 2.10 -0 .0222 -0 .0315 - 0 . 0 3 1 6 
2.25 - 0 . 4 8 7 3 - 0 . 4 0 9 6 -0 .1715 2.25 -0 .0208 -0 .0288 -0 .0291 
2.40 - 0 . 3 2 8 0 - 0 . 2 5 0 9 -0 .1255 2.40 - 0 . 0 1 7 7 -0 .0243 - 0 . 0 2 4 7 
2.55 - 0 . 1 0 5 4 - 0 . 0 4 9 9 -0 .0455 2.55 - 0 . 0 1 4 2 -0 .0195 -0 .0198 
2.70 0.0884 0.1105 0.0099 2.70 - 0 . 0 1 1 0 -0 .0151 - 0 . 0 1 5 4 
2.85 0.2059 0.1939 0.0235 2.85 -0 .0083 -0 .0114 - 0 . 0 1 1 6 
3.00 0.2408 0.2024 0.0049 3.00 -0 .0061 -0 .0084 - 0 . 0 0 8 6 
3.15 0.2140 0.1605 -0 .0312 3.15 -0 .0044 -0 .0061 - 0 . 0 0 6 2 
3.30 0.1519 0.0940 -0 .0720 3.30 -0 .0031 - 0 . 0 0 4 3 - 0 . 0 0 4 4 
3.45 0.0755 0.0220 -0 .1089 3.45 -0 .0022 -0 .0030 -0 .0031 
3.60 - 0 . 0 0 0 8 - 0 . 0 4 3 4 -0 .1372 3.60 -0 .0015 -0 .0021 - 0 . 0 0 2 2 
3.75 - 0 . 0 6 8 4 - 0 . 0 9 5 7 -0 .1553 3.75 -0 .0010 -0 .0015 - 0 . 0 0 1 5 
3.90 -0 .1221 - 0 . 1 3 2 1 -0 .1635 3.90 -0 .0007 - 0 . 0 0 1 0 - 0 . 0 0 1 0 
4.05 - 0 . 1 5 9 8 - 0 . 1 5 2 6 -0 .1632 4.05 - 0 . 0 0 0 5 -0 .0007 - 0 . 0 0 0 7 
4.20 -0 .1811 - 0 . 1 5 8 9 -0 .1564 4.20 -0 .0003 - 0 . 0 0 0 5 - 0 . 0 0 0 5 
4.35 - 0 . 1 8 6 9 - 0 . 1 5 3 6 -0 .1448 4.35 -0 .0002 - 0 . 0 0 0 3 - 0 . 0 0 0 3 
4.50 -0 .1791 - 0 . 1 3 9 7 -0 .1303 4.50 -0 .0001 - 0 . 0 0 0 2 - 0 . 0 0 0 2 
4.65 - 0 . 1 6 0 3 - 0 . 1 2 0 0 -0 .1142 4.65 -0 .0001 -0 .0001 -0 .0001 
4.80 - 0 . 1 3 3 5 - 0 . 0 9 7 4 -0 .0977 4.80 -0 .0001 -0 .0001 -0 .0001 
4.95 - 0 . 1 0 2 3 - 0 . 0 7 4 0 -0 .0815 
5.10 - 0 . 0 7 0 3 - 0 . 0 5 2 0 -0 .0664 
5.25 - 0 . 0 4 1 6 - 0 . 0 3 3 3 -0 .0528 
5.40 - 0 . 0 1 9 7 - 0 . 0 1 9 5 -0 .0409 
5.55 - 0 . 0 0 5 5 - 0 . 0 1 0 7 -0 .0309 T h e a c c u r a c y of dens i ty f u n c t i o n a l c a l cu l a t i ons 
5.70 
5.85 

0.0025 
0.0064 

- 0 . 0 0 5 4 
- 0 . 0 0 2 3 

-0 .0224 
-0 .0153 

l imited by the a p p r o x i m a t i o n m a d e fo r t h e e x c h a n j 

6.00 0.0079 - 0 . 0 0 0 3 - 0 . 0 0 9 5 co r r e l a t i on p o t e n t i a l t e rm. T h e c o m p a r i s o n of the l 

* Calculation of the complete complex. $ Symmetrical-or-
thogonalisation. § Procomplex without interaction. 

ence of L D A a n d s y m m e t r i c a l - o r t h o g o n a l i s a t i o n cal-
c u l a t i o n s (see Tab les 2 - 4 ) fo r the c o r r e s p o n d i n g 
h y d r o g e n - b o n d e d c lus ters ( F i g u r e 2 a, c). T h e curves 
i nd i ca t e t h a t in t he h ighe r - s -va lue reg ion (Fig. 4 b, c), 
wh ich was c o n s i d e r e d fo r t h e c o m p a r i s o n wi th the 
e x p e r i m e n t a l d a t a , it is a g o o d a p p r o x i m a t i o n t o t a k e 
i n t o a c c o u n t t he in f luence of t he w e a k h y d r o g e n 
b o n d s by s y m m e t r i c a l o r t h o g o n a l i s a t i o n . T h e neglect 
of h i g h e r - o r d e r effects led, h o w e v e r , t o a n ove re s t ima-
t i o n of t he a s s o c i a t i o n effect in t he low-s-va lue r a n g e 
(F igures 4 a - c ) . 

c ip roca l f o r m f ac to r s t h a t were ca l cu l a t ed wi th t he 
H a r t r e e - F o c k - S l a t e r ( H F S ) [22, 23] a n d the L D A 
m e t h o d ind ica ted on ly a smal l effect of t he dens i ty 
f u n c t i o n a l o n the a u t o c o r r e l a t i o n of w a v e f u n c t i o n s in 
pos i t i on space. T h e c o r r e c t i o n fo r e l ec t ron -e l ec t ron 
co r r e l a t i on in the sp in- res t r i c ted case [16, 17], o n the 
o t h e r h a n d , p r o v i d e d t he m a i n c o n t r i b u t i o n t o the 
dif ference be tween b o t h ca l cu l a t i on p r o c e d u r e s . K r i j n 
o b t a i n e d s imilar resul t s in the e l ec t ron dens i ty dis t r i -
b u t i o n of C O a n d H 2 0 molecu les [24]. 

T h e ca l cu la t ion of o u r theo re t i ca l d a t a is b a s e d o n 
a u t o c o r r e l a t i o n of L D A - o r b i t a l s ( a p p r o x i m a t e K o h n -
S h a m orb i ta l s ) in p o s i t i o n space. T h i s p r o c e d u r e is 
cu s tomar i l y e m p l o y e d , b u t on ly co r r ec t fo r H a r t r e e -
F o c k wave func t ions . L a m a n d P l a t z m a n [25, 26] 
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Fig. 4 a. A theoretical analysis of B*(s) in the direction of 
the strongest hydrogen bond 0 ( 3 ) - - H ( l ) . In contrast to 
the calculated reciprocal form factors that were compared 
with the experimental data, the ß a(s) curves for the hydro-
gen-bond analysis are not the average for a tilted pair of 
a-(COOH)2 • 2 H 2 0 units; the curves rather hold for a single 
unit with s parallel to the shortest hydrogen bond (I), (a) The 
Ba(s) of the total interaction of the donor-acceptor system 
calculated with the LDA method, (b) The Ba (s) of the first-or-
der terms (electrostatic and exchange interaction), (c) The 
Ba(s) of the higher-order terms (polarisation and charge 
transfer), (d) The ß a (s) of the total interaction of the donor-
acceptor system determined by a Hartree-Fock calculation 
with an extended Gaussian double-zeta basis set (cf. curve 
(a)). 

s h o w e d by d e d u c i n g the g r o u n d - s t a t e m o m e n t u m 
dens i ty f r o m the F o u r i e r - t r a n s f o r m e d K o h n - S h a m 
e q u a t i o n s [13] t h a t n(p) is mod i f i ed by the a d d i t i o n of 
a n ex t r a t e r m t h a t is the der iva t ive of the to ta l ex-
c h a n g e - c o r r e l a t i o n ene rgy wi th respect to the individ-
ual e l ec t ron energies a r i s ing f r o m c o r r e l a t i o n be tween 
the one -e l ec t ron s ta tes . C a r d w e l l a n d C o o p e r [27] ap -
plied the ( isotropic) L a m - P l a t z m a n c o r r e c t i o n [25] to 
so l id -s ta te L D A ca l cu l a t i ons (core a n d va lence elec-
t rons) of AI, Fe , Cr , Ni , a n d V. We t r a n s f o r m e d these 
d i f ference C o m p t o n prof i les to o u r a t t e n u a t e d recip-
roca l f o r m f ac to r in o r d e r to get a n e s t ima te for the 
c o n t r i b u t i o n of the co r r ec t i on . T h e resul ts h a d a m a x -
i m u m d e v i a t i o n of — 0.11 e~ in the case of a l u m i n i u m 
( Z = 13) a n d - 0.105 e " in the case of i ron ( Z = 26) in 
the low-s-value region. T h e devia t ion decreases rapidly 
a b o v e s = 1.5 Ä. T h e s u b t r a c t i o n of Ba(s) of H a r t r e e -
F o c k a n d L D A ca l cu l a t i ons (wi thin the s a m e S T O 
basis set) of N e [28] a n d C O [29] led t o resul ts of the 
s a m e o r d e r of m a g n i t u d e (see Tables 5, 6). 

A n ab - in i t io S C F H a r t r e e - F o c k ( H F ) ca lcu la t ion 
for the a -oxa l i c acid d i h y d r a t e c o m p l e x was per -
f o r m e d (£ t o t = — 528.5501 £ h ) w i th the p r o g r a m 
G A M E S S [30] us ing a G a u s s i a n d o u b l e - z e t a basis set 

Fig. 4 b. A theoretical analysis of Ba (s) in the direction of the 
weak hydrogen bond 0(2) - H(2) (II) (curves (a)-(c) 
analogous to Figure 4 a). 

Fig. 4 c. A theoretical analysis of Ba (s) in the direction of the 
longest hydrogen bond 0 ( 2 ) - - H ( 3 ) (III) (curves (a)-(c) 
analogous to Figure 4 a). 

[31] a u g m e n t e d wi th 3 d p o l a r i s a t i o n f u n c t i o n s fo r ca r -
b o n ( exponen t a = 0.7) a n d o x y g e n (a = 0.9) a n d 2 p 
for h y d r o g e n (a = 0.9) a n d w a s co r r ec t ed fo r the B S S E 
[18] ( in te rac t ion energy 0.0208 Eh). F o r the ana lys i s of 
the i n t e rmo lecu la r i n t e rac t ions in the d i r ec t ion of the 
shor tes t h y d r o g e n b o n d , the d i f fe rence in Ba(s) be-
tween the c o m p l e x a n d its c o n s t i t u e n t s ( p rocomplex ) 
was ca lcu la ted wi th each theo re t i ca l m e t h o d ( L D A 
a n d H F ) . We h a v e f o u n d a r e m a r k a b l y g o o d agree-
m e n t be tween b o t h di f ference cu rves over t he who le 
r a n g e of s -values (see curve (a) a n d (d) in F i g u r e 4 a). 
Also w h e n t a k i n g the ave rage of a pa i r of c o m p l e x e s 
til ted as in the crystal , t he H F d a t a (no t s h o w n in 
Fig. 3 a) in the d i rec t ion of t h a t sho r t e s t h y d r o g e n 
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Table 6. Comparison of H F and LDA for a C O molecule in 
x (column 2 and 3) and z direction (column 4 and 5). 

s/Ä Ba(s) 

H F LDA H F LDA 

0.00 10.0000 10.0000 10.0000 10.0000 
0.15 9.4677 9.4557 9.4724 9.4653 
0.30 8.3006 8.2728 8.3282 8.3180 
0.45 6.9361 6.9055 7.0020 7.0061 
0.60 5.5843 5.5651 5.6794 5.7112 
0.75 4.3547 4.3544 4.4503 4.5114 
0.90 3.3011 3.3200 3.3833 3.4656 
1.05 2.4400 2.4737 2.5441 2.6373 
1.20 1.7631 1.8060 1.9359 2.0344 
1.35 1.2483 1.2951 1.4799 1.5780 
1.50 0.8679 0.9143 1.1250 1.2159 
1.65 0.5937 0.6368 0.8494 0.9289 
1.80 0.4003 0.4386 0.6392 0.7062 
1.95 0.2664 0.2992 0.4818 0.5368 
2.10 0.1753 0.2027 0.3650 0.4096 
2.25 0.1143 0.1366 0.2783 0.3141 
2.40 0.0740 0.0919 0.2135 0.2421 
2.55 0.0477 0.0618 0.1645 0.1871 
2.70 0.0307 0.0416 0.1269 0.1447 
2.85 0.0198 0.0282 0.0977 0.1117 
3.00 0.0128 0.0192 0.0749 0.0858 
3.15 0.0084 0.0132 0.0571 0.0656 
3.30 0.0055 0.0091 0.0432 0.0497 
3.45 0.0037 0.0064 0.0325 0.0373 
3.60 0.0025 0.0045 0.0241 0.0278 
3.75 0.0018 0.0032 0.0178 0.0205 
3.90 0.0012 0.0023 0.0130 0.0150 
4.05 0.0009 0.0016 0.0094 0.0109 
4.20 0.0006 0.0012 0.0067 0.0078 
4.35 0.0005 0.0008 0.0048 0.0055 
4.50 0.0003 0.0006 0.0033 0.0039 
4.65 0.0002 0.0004 0.0023 0.0027 
4.80 0.0002 0.0003 0.0016 0.0019 

b o n d (I in Fig. 1) s h o w the s a m e osc i l l a t ing b e h a v i o u r 
of the r ec ip roca l f o r m f ac to r as t he L D A resul ts ( com-
p a r e curves (b) a n d (c) in F i g u r e 3 a). O n the o t h e r 
h a n d , the first z e r o - p a s s a g e of t h e Ba (s) cu rves in t he 
H F a p p r o x i m a t i o n is in m o s t of t he d i r ec t ions c loser 
t o t he e x p e r i m e n t t h a n in the L D A case. T h a t dev ia -
t ion of the L D A wi th respect to t h e H F resul ts m u s t 
be d u e t o the d i f fe ren t q u a n t u m - m e c h a n i c a l a n s a t z of 
b o t h m e t h o d s a n d t he t w o di f ferent types a n d sizes of 
bas is sets used in o u r ca lcu la t ion . 

5. Conclusion 

T h e c o m p a r i s o n of the e x p e r i m e n t a l a n d the t h e o -
ret ical d a t a h a s d e m o n s t r a t e d t h a t t he rec ip roca l f o r m 
f ac to r is fa r m o r e sensi t ive to i n t e r m o l e c u l a r in te rac -
t ions in the sol id s t a t e t h a n the c o r r e s p o n d i n g elec-
t r o n - d e n s i t y d a t a [7]. 

In o u r theore t ica l c a l cu l a t i ons we h a v e i n t r o -
duced the i n t e r m o l e c u l a r i n t e r ac t i ons of t he 
a - ( C O O H ) 2 • 2 H 2 0 un i t by a c lus te r of i nc reas ing 
size. T h e m a i n a d v a n t a g e of c lus ter c a l cu l a t i ons is the 
possibi l i ty to discuss t he effect of t he c rys ta l e n v i r o n -
m e n t in mo lecu l a r a n d hence chemica l t e rms . 

C a l c u l a t i o n s t h a t inc lude the first c o o r d i n a t i o n 
shell of the oxal ic-acid mo lecu le in the c rys ta l h a v e 
t u r n e d ou t to be a g o o d a p p r o x i m a t i o n t o t he elec-
t ron i c s t r uc tu r e of the c rys ta l in t he d i r ec t ion of t he 
s t ronges t h y d r o g e n b o n d a n d in the A-direct ion. T h e 
p o o r e r a g r e e m e n t be tween t he e x p e r i m e n t a l a n d t h e o -
ret ical d a t a in the d i r ec t ion of the C = O a n d C — O 
b o n d s , on the o t h e r h a n d , ind ica tes t h a t a l so t he sec-
o n d c o o r d i n a t i o n shell - cons i s t ing of the n e i g h b o u r -
ing oxal ic-acid molecu les - c o n t r i b u t e s s igni f icant ly t o 
the i n t e rmo lecu l a r i n t e r a c t i o n s in t h o s e d i rec t ions . 
F o r the C = O b o n d it is t he O = C b o n d of t he nex t 
oxal ic-acid molecule , l inked by a pa i r of w a t e r 
molecu les in a p u c k e r e d e i g h t - m e m b e r e d r ing, t h a t is 
n o t t a k e n in to a c c o u n t in the c lus te r ca l cu la t ion , whi le 
the oxygen O ( l ) of the C — O b o n d "sees" a n o t h e r 
oxygen a t o m of the s a m e type of a n oxal ic -ac id m o l e -
cule of the til ted cha in in the c rys ta l a t a d i s t a n c e of 
3.196 Ä close to the e x t r a p o l a t e d b o n d axis, a g a i n n o t 
inc luded in the c luster . 

F o r the th ree h y d r o g e n b o n d s , we c a n f u r t h e r c o n -
c lude f r o m o u r £Ja (s)-curves (Fig. 4 a - c ) t h a t t he l ong -
r ange in t e rac t ions (h igh-s-va lue reg ion) a re d o m i -
n a t e d by first-order effects, w h e r e a s in the s h o r t - r a n g e 
in t e rac t ions (small-s-values) a l so h i g h e r - o r d e r effects 
p lay an i m p o r t a n t role. T h i s c o r r o b o r a t e s o u r ear l ie r 
findings fo r the h y d r o g e n b o n d s in K H C 0 3 [1]. 

Final ly , we h a v e f o u n d t h a t the a b s o l u t e Ba (s) val-
ues o b t a i n e d f r o m o u r L D A a n d H F ca l cu l a t i ons devi-
a t e f r o m each o the r . T h e i n t e r m o l e c u l a r i n t e r a c t i o n s 
as seen in the d i f ference curves AB a (s) (cluster m i n u s 
cons t i tuents ) , howeve r , a re in g o o d a g r e e m e n t a n d 
t h u s d o n o t d e p e n d o n t he d i f ferent a n s a t z e s of b o t h 
m e t h o d s (see F i g u r e 4 a). 
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