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J. Phys.: Condens. Matter 3 (1991) 837-850. Printed in the UK 

A structural study of the aqua-anions NO;, BrO; and C10; 
by difference methods of x-ray diffraction 

C A E Burke, A K Adyat and G W Neilson 
H H Wills Physics Laboratory, UniveFsity of Bristol, Tyndall Avenue, Bristol 
BS8 ITL. UK 

Received 5 September 1990, in final form 5 December 1990 

Abstract. The method of x-ray diffractinn with isomorphic substitution has been 
extended to aqueous solutions containing complex ions. In a study of isomorphism 
between NO;(aq), BrO;(aq) and ClO;(aq). it is found that the NO; and BrO; 
ions a m  isomorphic up to the level of the &st-order difference indicating a similarity 
in their anion-hydration structure. Based on the isomorphism of these two ions, and 
because the water molecules are only weakly perturbed from their structure in pure 
water, a second-order diRerence calculation was made and the ion-ion pair correlation 
function of these two ions obtained. The results show that the most probable ion-ion 
separation is betwen 5 A and 11 8. and the distance of dosest appmach is 4.8 A. 
NO; and BrO; are found, however, not to be isomorphic with ClO;. 

1. Introduction 

The x-ray first- and second-order difference techniques of isomorphic substitution 
(Skipper 1987) have been successfully tested and applied previously to various cationic 
species in aqueous solution such as Ni2+(aq) and hlgZf(aq) (Ni/MgCI,, Ni/MgBr,: 
Skipper 1987, Skipper et af 1986, 1989), Niz+(aq) and Mg2+(aq) (Ni/MgSO, and 
Ni/Mg(NO,),: Burke 1989), Na+(aq) and Agt(aq) (Na/AgNO,: Skipper 1987 and 
Skipper and Neilson 1989), Rb+(aq) and Tlt(aq) (RbOH and TIOH: Adya and Neil- 
son 1991) and were used to derive ion-ion correlation functions. Here, we extend 
these techniques to investigate the existence of isomorphism between the complex an- 
ionic species NO;(aq), BrO; (as) and ClO;(aq) and then to exploit the isomorphism 
obtained to derive the anion-anion pair correlation function. 

In the crystalline state NaN03,  NaBrO, and NaCIO, are known to be isomor- 
phous (Wyckoff, 1964), each having a NaC1-like structure. Various properties of the 
NO,(aq), BrO;(aq) and CIO;(aq) ions are given in table 1. For equivalent structural 
studies in aqueous solution, the choice of NO; and BrO, as a possible isomorphic pair 
was based on these anions having the same valence and similar effective ionic radii, rea 
(Yatsimirskii 1947, 1948, Huheey 1978, Waddington 1959), 1.89 and 1.91 8, respec- 
tively. It should be noted, however, that in the crystalline state the intramolecular 
central atom-0, X-0, distances are not similar, as expected, and are rN0 = 1.217 8, 
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Table 1. Various properties of the NO;, BrO; and CIO; ions. rxo is the cry9 
talline X-0  d i s t a n a  and is the effectiveionic radius, Huheey (1978), Waddington 
(1959) and Yatsimirskii (1947, 1948). 

Ion 1x0 (A) Shape 0-X-0 (deg) ren ( A )  

NO; 1.2171 Planarequilateral 120 1 a9 

BrO; 1.6mb pyramidal 104.6 1.91 
c10; 1.49c pyramidal 106.8 2.00 

LWyckoE (1964). 

t r i d e  

bTempleton and TempleLon (1985). 
'Burke-Laing and TrueMaod (1977). 

and rBd = 1.663 8, respectively, table 1. Their structures are also different, the NO; 
ion being a planar equilateral triangle, and the BrO;, pyramidal. 

The CIO; ion was chosen as a possible isomorph with the NO; ion because within 
the context of NO; uptake in plants, Deane-Drummond and Glass (1982) found that 
CIO; acts as an analogue for NO;, i.e., plants cannot distinguish between the two 
ions and concluded that the hydrated molecular dimensions of these ions are very 
similar. A similar study of the BrO; ion shows that it is not an analogue for the 
NO; ion. Despite this observation, however, the possibility of isomorphism between 
ClO; and NO; must be considered in light of the observations that the (210; has a 
Bat trigonal pyramid structure with an intramolecular separation of 1.49 A. It  must 
be noted here, though, that its effective ionic radius is different, repr = 2.0 A (Huheey 
1978). 

For completeness, the hydration structures of BrO, and CIO; were tested for 
possible isomorphic behaviour. They both have a pyramidal structure, and their 
intramolecular ion-0 distances in the crystalline state are closer (1.663 8, and 1.49 A)  
than for the other combination of pairs. 

2. Theoretical background 

2.1. Diffraction from an aqueous solution with a complex anion 

For an aqueous electrolyte solution with a complex anion, MXO, in H,O, there are ten 
differently weighted partial structure factors, gob( r ) ,  contributing to the total structure 
factor. These functions can be related to the x-ray or neutron structure factors of the 
sample, FX(k) or, F"(k), where superscripts x and n denote x-ray and neutron data 
respectively. This is obtained from the experimental intensity, I(k) 

F(k) = 4 k ) [ I ( k )  + r(!4l (1) 

where k = 4 ~ s i n 0 f X  and is the scattering wavenumher, hk is the momentum transfer 
of x-rays or neutrons of wavelength A ,  scattered through an angle 20, and a ( k )  and 
y(k) represent correction functions which must be used to obtain a properly normalised 
structure factor (Enderby and Neilson 1981). F(k)  is defined as 

" 

F ( k )  = cc,cbf,(k)fS(~)[s,,(k) - 11 (2) 
a=l b = l  
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where fa(k) is a form factor of species a if x-ray scattering is being considered or the 
scattering length of a nucleus of species a if neutron scattering is being considered, c, 
is the atomic fraction of scattering centres of species a and the summations are over 
the total number of species m. S,,(k) is the partial structure factor of species a and 
b,  related to gob(r) by the Fourier transformation 

where p is the total number density of particles in the system and is M 0.1 A-3 for an 
aqueous solution. 

2.2, The difference method for a solution containing a complex hnion 

At the first-order difference level, the difference-between the two F X ( k )  gives informa- 
tion about the ionsolvent structure yielding AY(k). The first-order differences used 
are 

P(k), = Ff(k) - F;,(k) 
AL"(k)? = Ff(k) - F;,,(k) 

= F;i,(k) - F,1(k) 

where I is the solution containing the ion which is the stronger scatterer, X, I1 is 
the solution with the weaker scatterer, X', and I11 contains the 50:50 mixture. The 
first-order differences are defined as 

Even though the difference is a convoluted distribution function, by dividing through 
by A(k), a new function, d,,(k), is created. This allows the X-0 term to be decon- 
voluted and therefore investigated 



and 

(19) 

where a is a stronger scatterer than b, and f = f,(k) and f’ = f a ( k ) .  Hyqz  Ir - r‘I is 
defined as 

Skipper (1987) shows the effects of these functions. 

determined, and hence also the Fourier transform, G X X ( r ) .  Sxx(k) is defined as 
At the second-order difference level, the X-X structure factor, Sxx(k), can be 

In neutron isotopic substitution experiments, f x ( k )  and fx,(k) are independent 
of k. However, for x-ray diffraction, fx(k) is a k-dependent atomic form factor. Thus 
Foyrier transformation of Fx(k) will involve convolutions of the partial structure fac- 
tors with the corresponding fx(k). Recall that fx(k) is proportional to electron 
number and thus interchanging one species for another which has different scatter- 
ing properties, will not necessarily lead to the same structure in solution. 

In 1970, Bo1 el al  developed a method based on isomorphic substitution to over- 
come this problem. They were thus able to come to a better understanding of cation 
hydration than before. However, they did not carry out any independent checks on 
their results. Skipper (1987) and Skipper e t  a1 (1989) developed a method based on 
isomorphic substitution and x-ray diffraction, the results have been compared with the 
formally exact difference method of neutron diffraction. Checks for self-consistency 
were also made between the three difference functions (equations (4)-(6)). 
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3. Experimental method 

3.1. The  samples 

The samples were made in our chemical laboratory at Bristol from salts obtained 
from BDH Limited. De-ionized water was used in every case. The final solutions were 
placed in glass flasks or bottles and placed in an ultra-sound bath for at  least 5 min 
to make sure that each salt was completely dissolved and to remove all air bubbles. 

3.2. The  experimental set-up 

X-ray diffraction experiments were carried out on six aqueous solutions: NaBrO,, 
I; NaNO,, 11; a 50:50 mixture of NaBrO, and NaNO,, 111; NaCIO,, IV; a 50:50 
mixture of NaNO, and NaCIO,, V; a 50:50 mixture of NaBrOB and NaCIO,, VI. 
The properties of these solutions are given in table 2. All the solutions were 1M in 
concentration because NaBrO, is insoluble above 1.822111 (Handbook of Chemistry and 
Physics 1988), and 1111 is far enough away from this limit but the solution still gives 
sufficient counting statistics. The method of isomorphic substitution was then applied 
to the pairs NO; and BrO,, NO; and Clog, and BrO; and ClO,. 

Table 2. Properties of the solutions used in the x-ray experiments. p = sample 
density, p = linear absorption coefficient, V = average volume of an atom. 

I M  NaBrOa I 1.112 7.109 10.061 
I M  NaN03 I1 1.052 1.159 10.002 
1M NaNOa/BrOa 111 1.083 4.135 10.021 

I M  NaN03/C103 V 1.062 1.359 10.009 
1M NaC103/Br03 VI 1.088 4.330 10.079 

1h.I NaClO3 IV 1.070 1.557 10.041 

A neutron diffraction experiment was carried out  on one of the samples, using 
the formally exact method of isotopic substitution. In this case a 4.32m Ni(NO,), 
solution (Howell 1990) was used in which a replacement of 14N by 15N enabled the 
difference functions Ago(k) and hence g io( r )  to be obtained (superscript n denotes 
a result due to neutron diffraction). These results are only used as a comparison with 
the x-rays, and will be published at  a later date as they are interesting in their own 
right. 

X-ray diffraction data  were obtained for the six equi-molar aqueous solutions at 
r m m  temperature (24 i 4) "C on a 8 - BD/IMAX diffractometer manufactured by 
the Rigaku Corporation, Japan. All the experiments were carried out in reflection 
mode using an approximation to the Bragg-Brentano para-focussing method (Cullity 
1956). With this geometry the x-rays are diffracted from a horizontal surface in the 
liquid and the x-ray source and detector arms subtend an angle 0' to the free surface 
of the liquid sample. The reflection geometry and slit arrangement is also used since 
it completely eliminates sample holder absorption and scattering. The system was 
calibrated with silicon powder. 

X-rays of wavelength 0.7107 8, were produced by a MO target x-ray tube operated 
at 50 kV and 40 mA. A zirconium filter was placed in the beam to remove MO Kg 
radiation. A focussing graphite monochromator was placed in the reflected beam to 
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reduce Compton scattering and background radiation. The cell used was circular with 
a diameter of 8 cm and was made of either brass or glass with a window of duminium 
(thickness 0.025 mm) sealed onto the cell with vacuum grease. 

100000 counts were collected per angle over the range Z0 < 28 < 156O, i.e., 
0.3 A-' < k < 17.5 A-', with a step of 0.2'. Several scans were taken for each 
angle range over a few days rather than one long scan for each range and the sample 
was checked each time in between these scans. This was done so that the consistency 
between the different scans could be checked and so as to minimise the effects due 
to evaporation of the sample at the surface. At this time, no method of temperature 
control was employed. By cycling the angle range scans, an average over the range of 
temperatures could be taken. 

9.9. Data  analysts 

The data were corrected for background, multiple scattering, absorption, polarization, 
Compton scattering and incoherent scattering using the procedures described by Skip- 
per (1987). They were normalized to electrons, e2 A-3,  by the method of Habenschuss 
and Spedding (1979), and the total structure factor. F X ( k ) ,  of each solution was deter- 
mined. It should be noted here that atomic scattering factors exist only for an oxygen 
atom and an oxygen ion (Cromer 19139, Irriemnltorial Tables for X-ray  Crystallography 
1962) and a decision was taken to split the anion into a central atom, X ,  (n- 1) neutral 
oxygen atoms, 0', and one 0- ion giving the complex anion i ts negative charge. In 
reality this charge will be shared by the three oxygens. As regards normalization of 
the data, the procedure used by Skipper (1987) was not followed exactly here; instead 
the final form factor fit, X ( k ) ,  through the data, I x ( k ) .  was chosen when the r-space 
Fourier transform of P ( k )  - X ( k )  had a minimum amount of noise at values of low r, 
and a coordination number of 2 hydrogens around the oxygen for the intramolecular 
0-H peak a t  = 1 A. In table 3 the coordination numbers obtained for each solution 
for the 0 - H  interaction are listed. 

C A  E Burke el a1 

Table 3. Waler paramelem for cad1 solution 

Solution Label IOU ( A )   OH 

1M NaBrOs I 0.97 1.86(1) 
1M NaN03 I1 1.03 1.95(1) 
1M NaNOs/BrOs Ill 1.03 2.31(1) 

1M NaNOs/ClOs V 1.03 2.14(1) 
1M NaCIOs/BrOj VI 0.97 2.31(1) 

1M NaC103 IV 0.89 1.72(1) 

4. Results and discussion 

4.1. Isomorphism of NO;, BrO,, arid CIO; 
The F X ( k )  obtained for each of the six solutions are shown in figure 1. The structure 
factors for solutions I, Il and 111, F x ( k ) , ,  FX(k),, and Fx(k) , l l  respectively show 
similar peaks and troughs at 2, 3 and 5 A-', but there are slight displacements of 
peak and trough positions in the structure factors of solutions IV, V and 11, F x ( k ) l v ,  
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n' SO, , . , 1 I 

k f X f k J  

I 
2 5  5 0  75 10.0 I2 5 IS 0 17 5 

-M 
0 

k / i - '  

Figure 1. The stmctwe factors, kFX(k), for I M  NaN03/BrO3/C103. Curve 1, 
k F X ( k ) i ;  curve 2, kFX(b)l11 (displaced by t 10 e' A-l); curve 3, kF'(k)~r (t 20 
e' A-'); curve 4 ,  kFX(k) iv  (+ 30 e' A-'); curve 5 ,  k F X ( k ) v  (t 40 e' A-'); 
curve 6, k F X ( k ) v i  (t 50 e' A-'). 

FX(k), and FX(k),,, and similarly of solutions I, I V  and VI, i.e., FX(k),, F X ( k ) , ,  
and F"(k),,, respectively. The FX(k) are Fourier transformed and the total pair 
distribution functions, G"(r), are obtained, and represent the average structure of the 
solution. This is far too ambiguous to  be determined directly, apart from the intra- 
molecular 0 -H water peak at  % 1 A. The intra-molecular and inter-molecular X-0 
correlations cannot be determined at this stage because of the underlying water-water 
correlations. Sandstrom et al (1985) showed there is no strong Agt-0 correlation and 
since Skipper and Neilson (1989) have shown that Na' is isomorphic with Ag', then 
it can be concluded that there is no strong Na+-0 correlation. Thus a reliable N a t a  
correlation cannot be determined either. 

The three sets of x-ray diffraction first-order difference results, k A ( k ) ,  are shown 
in figures 2, 3 and 4. Figure 2 shows the b / i ( k )  for I - 11, I - 111, and I11 - 11. 
These show very good agreement with peaks and troughs at  2, 3 and 5 A-' and 
so on, indicating no major structural - difference between the three solutions. The 
corresponding Fourier transforms, G;o(r), are shown in figure 5 which again show 
similar structures. In table 4, the parameters of these &xO(~.),are listed giving the 
average intramolecular distance of the oxygens to the X atom as 1.63 8, and the 
coordination number as 3.17(54) and the intermolecular distance of the oxygens of 
the water molecule as 3.46(1) 8,. These results are consistent with those of Neilson 
and Enderby (1982)(7.8m NaNO,), Walker el a /  (1988) (18m and 12m ND,NO,) and 
Howell (1990)(4.3m NiNO,), where m denotes inolality of the solution. Walker el  al 
identify the range Gom 2.14 to 3.0 8, as being due to X-D correlat.ions, where D is a 
constituent of the ND: ion. A peak at  E 2.8 8, is seen in both sets of Walker's data 
increasing in size with a decrease in concentration, whicli Walker et al also attribute 
to these X-D'correlations. This is also seen in  our data at  % 2.90(8) 8, and in the 
data of Howell at 3.09 A. However, since the NDZ ion is not present in Howell's and 



" V  
I JO . ~~~ . ___ 
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Figure 3. The first-older diflaence functions, k & ( k ) ,  for 1M NsN03/C103. 
Curve 1, results for solution (V - 11); CUYW 2, those for solutions (N - 11) (dis- 
placed by 10 ez A-]); curve 3, those for solutions (IV - V )  (displaced by 2 0 2  A-]). 

our data, this peak must be due to  another interaction. Thus it is probably due 
to the X-D interaction where the deuterium belongs to the heavy water molecules 
weakly coordinated to the X atom in the neutron case and hence.in our data, the X-H 
interaction, where the H is from the hydrogen in the water. This would juntify the 
increase in peak size with decreasing concentration. The X-D,O (X-H,O) interactions 
in this region (2 to 5 A) were originally suggesled by Caininiti e t  a l  (1980) and later 

X/d ' 
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LO . ' . .  I . . . . , . . . . , . . . . , . .  , . I . ,  . I . . .  . 
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- 1 0 "  ' 1 '  
0 ? 5  50 7 5  100 l? 5 150 115 
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Figure 4. The Ibt-ordeder difference functions, k d ( k ) ,  for I M  NaBrOg/C10~. 
Curve 1, results for solution (VI - IV); curve 2, those for solutions (I - IV) (dis 
placed by 10 e' A-'); curve 3, those for solutions ( I -  VI) (displaced by 20 2 h-') ,  

r /d 

Figure 5.  The x-ray first-older difference dislriibution function, Gio(7) ,  for 1M 
NaN03 fBrOj solutions. --, solutions (I - 111); x - x ,  solutions (In - It); - , 
-, solutions (I - 11). 

identified by Neilson and Enderby (1982). 
Figure 3 shows k A ( k )  for IV - 11, IV - V, and V - 11. There is an obvious dis- 

agreement with kd(k),,-, which is out of phase with the other two differences. Thus 
there is an obvious difference in the structure of the three solutions, and isomorphic 
behaviour is not observed. Similarly, figure 4 shows kA(/:) for I - IV, I - VI and 
VI - IV. Again, one of the differences, kA(k)l-lv is out of phase with the other two 
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Table 4. X-0 parameters for ea& G:,(r) for the 1M NaNOa/BrOa solutime. q, 
12 and TJ are due to X-water interactions. 

& l l ( ~ )  1.63(1) 3.09(1) 2.98(1) 3.95(1) 
ql , - l l ( r )  1.63(1) 2.69(1) 2.55(1) Z.SS(5) 3.94(1) 
6f-lIl(~) 1.63(1) 3.74(1) 2.39(1) 3.09(1) 3.86(1) 

Figure 6 .  The three x-ray first-order difference distribution fundions for 1M 
NaNOs/BrOa compared with the nearest Gi0(r)  obtained from 4m Ni(N03)2, 
as measured by Howell (1990) using the first-order difference method of neutron 
diffraction (- --). Pxo(r)1-11 is denoted by - , -, G P o ( r ) l - ~ ~ ~  by --, and 
& x o ( r ) i ~ ~ - ~ ~  is denoted by x. 

differences and thus it can be concluded that isomorphic behaviour is not observed. 
These results show that only the NO, and BrO, ions are 'isomorphic since the 

first-order differences, &xo(r), are very similar. The self-consistency of the three 
ex0(~) is then checked, and when they are compared, figure 5,  they are found to 
agree very well. The maximum values of k in k-space are 13.0, 12.0 and 11.0 A-1 for 
G$o(~)l-ll,  &xo(~)III-ll and &xo(~)I-III respectively. The results given in table 4 
for rSo (intramolecular) and ng0 show agreement within error. The average values 
are 1.63(1) 8, and 3.17(54) respectively. The peaks between 2 and 5 A are also in 
agreement, and the average values are, 2.90(8) 8, and 3.90(6) A, see table 4. To 
further confirm isomorphic behaviour, the x-ray result is compared with the neutron 
distribution function G?,(r) of Howell (1990), figure 6, and, allowing for the fact that 
the weighting for the hydration peaks are different for x-ray diffraction and neutron 
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0 I 2 3 L 
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Figure 7. The function .&(k) i n  1h.I NaNOj/BrOg measured by the second-order 
diiie~ence method of x-ray diffraction. The raw data are shown as points with error 
b a s .  and the back kransfoolm of .@xx(r) having been cut off below 4.8 A is denoted 
by x - x.  

4.2. Calculation ofS , , (k )  and C X X ( . )  
Having established isomorphism between NO; and BrO; , a second-order difference, 
Sxx(k), was made. This was done by using equatkon (21) for each pair of firstorder 
differences, i.e., Sdk)  -srI(k)2 &(k) x.?I1l(k) and S,,,(k) -Sl!(k) .  Here the difference 
between S,(k) - S,,(k) and S,(k) - S,,,(k) is presented. Using the extrapolation to 
S(k=O) 

Sxx(kj+l) = Sxx(k = 0) + 0 . 2 ( S X X ( k j )  - SXX@ = 0)). (22) 

Sxx(0) was calculated to be -234.0 from the last usable datum point at k = 
0.5023 A-’. Sxx(k) is shown by the bars in figure 7. Residuals of the X-0 and 
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Figure 8. This i s  the resultant exs ( r )  after Fourier transformation of the &;xx(k), 
x - x shown in figuic 7, mnltiplicd by ( a )  and [ a )  e-'.'*', 

0-H correlations were present in the txx(r) obtained from the raw data. This could 
be due t o  an error of % 2% in the normaIization of the difference functions, or a slight 
departure from isomorphism. These features are removed by setting gXx(r) to zero 
below 4.8 8, (where the curve cuts the ordinate axis) and backtransforming to give the 
second Sxx(k) shown as x and - in figure 7. The resultant gXx(r) is the Fourier 
transform of x - x of figure 7,  which has been multiplied by exp(-0.05kz) and is 
shown in figure 8(0 ) .  The negative peak at  7 is removed by smoothing x - x of 
figure 7 by exp(-0.5k2), figure 8 ( b ) .  The main peak is at  5.7 A and is followed by 
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two smaller peaks at 8.3 8, and 10.9 8, . The distance of closest approach is taken to 
be the point at  which the data crosses the ordinate axis, and is 4.8 8,. Similar large 
peaks at M 5/6 A have been obtained in jNiNi(r) for both 1M Ni/Mg(NO,), and 1M 
Ni/Mg(SO,), (Burke 1989), which we think can either be due to inexact isomorphic 
behaviour resulting in inexact cancellation of the water-water terms, or due to an 
ion-ion interaction occuring much closer than has been previously realised (Skipper 
1987, Skipper et  a1 1989). Certainly the negative peak in figure 8(a) casts doubt on 
the &(r) presented. The methods of analysis and evperimentation (section 3) will 
inevitably cause systematic errors large enough to introduce problems at the second- 
order difference stage, where we are working close to the statistical errors of the data, 
thus producing unphysical peaks and troughs. This will be discussed further in more 
detail in a future paper on isomorphic behaviour of N i Z C  and Mgz+ with complex 
counter-ions. 

However, the peak positions are reasonable since the theoretical limit of closest 
approach is 3.8 8, (i.e., two hard spheres touching each other), and theoretically, if the 
ions lie at the corners of a BCC unit cell without any forces between them, they would 
be M 12 8, apart. 

5. Conclusions 

In conclusion, the above experiments show that x-ray diffraction with isomorphic 
substitution can be extended to aqueous solutions containing complex ions. It is found 
that only the NO; and BrO, ions are isomorphic and a second-order difference is 
determined. The ion-ion distances lie within the theoretical limits of closest approach 
and the furthest possible distance at the corner of a BCC unit cell. 

However, the NO; and CIO; and Clog  and BrO; pairs are not isomorphic even 
though the former pair are analogues in botanical terms and the latter pair are more 
similar in structure and have a closer ion-0 distance. Thus on the basis of the re- 
sults presented above it is likely that the effective chemical radii of the ions is more 
important in determining isomorphic pairs. 
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