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INFRARED ABSORPTION AND FORCE CONSTA}T OF T1 
ISOTOPIC NITRATE IONS, N4O AND NO 

INTRODUCTION 

Historically, the first molecule to be studied by 

infrared absorption was that of carbon dioxide by Bjerrum 

(4,p.288). Henceforth a number of molecules (ixamples: 

Triatomic (2l,pp.654-678), boron trifluorids (6,pp.455-459), 

and carbonate (1l,pp.l77-178) have been examined in the 

infrared region to study the relation between the vibration 

frequencies arid the potential function. 

Before any study can be made of the potential 

function, the structure of the molecule must be known. 

Thus, the early infrared studies were employed, in con- 

junction with x-ray analyses, to determine the structures 

of the crystal lattices and also the configurations of the 

atom$ in the woleeules in these lattices. Of particular 

interest at this time is the evidence which led to the 

establishment of the configuration of the nitrate group. 

There has been much discussion as to the structure 

of the nitrato group, whether it be pyramidal (the three 

oxy 
; 
en atoms at the vertices of a base equilateral triangle 

and the nitrogen atom at the apex) or planar (the three 

oxyen atoms at the vertices of an equilateral triangle arid 

at its center of gravity the nitrogen atom). Schaefer, 

Matossi and Dane (24,p.499) concluded from reflection 
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meaaurement$ of the nitrate cryt1s in polarized 1iht by 

Schasrer and Schubert that the conflguration was pyrarnda1. 

This conclusion wa found to aeree with the powder photo- 

griphic (x-ray) reu1t of' Vegard (24 ,p .500 ) Veard 

(26,p.395) found that M(NO3)2 belonged to a tetrahedral 

pentaona1 dodecahedral clase of a cubic sytern, face 

centered with reepect to the metal The nitroon 

atom and the three oxygen atome were placed on the 

diagonale of each of the eight cubee of a un.t cube, 

yielding a pyramidal etructure for the nitrate group. 

Althoug1. thece data do indi.cate the structure of the 

nitrato group to be pyramidal, further evidence presented 

by Kujumzelis (15,pp.86-597) et al. showed that it bad to 

have a planar con'iguraUon. Their arent is based on 
the Ranian and infrared e1ection rule. The rule allowe a 

pyramidal structure (C3 point group) of the nitrato 

group to have four active fundamentale ifl both the infrared 

and the Raman spectrurri, whereas only three active funda 

montais are permitted for a planar etructure (D3h point 

group). Kujumzelie (lb,p.586) et al. found only three 

active Raman fundamentale and Schaefer and Bornuth 

(23,pp.5OB.5Oc) et al found three active infrared 

fundamentals which clearly indicate the planar structure b 

Furthermore, most recent x-ray diffraction studies, 

compiled and reported by Wyckoff (3l,chap.VII,pp.2-22), 

found the nitrate group to be planar. Finally, if a planar 



3 

configuratIon is assumed, the present work finds good 

areeL?ìent of the isotope effect. 
Now that the structure bas been determined to be 

planar, one can proceed to discuss the potential function. 
The vibration frequencies depend (a) on the atomic masses 

of the individual atoms in the molecule expressed by the 

kinetic energy expression 

T 1/2 i 1, 2, ', 3n, (1) 

where n is the number of atoras in the molecule, b 's are 

functions of the masses of the atoms with the displacement 

coordinate q ; and (b) on the restorIng forces resulting 
from the displacement of the atoms In the molecule from 

their equilibrium positions (16,p.73). Since 

F = 

and if the discussion is limited to small vibrations, then 
the potential function 

V f(q), 
can be expanded by the Taylor serles in powers of the q's, 

V =V0+ q -F 1/2 q;j 
and If only the second order term Is retained, 

V =1/2 (2) 

where 
2 j 

aL q1 



Even when second order terms alone &re used the 

number or parameters tri ths potential function exceeds the 

number of vtbratiora frequencies. Therefore, various 

workers have made certain assuiziptloris to reduce the number 

or constants. The two most frequently used approximations 

are the simple valence force field and the simple central 

force field (l6,pp.?6B2 and 21,pp.657-660). 

The simple valence force field assumes that the forces 

are associated with. valence bonds and the angle between the 

two valence bonds, and that the forces exerted between the 

non-bonded atoms are negligible relative to the bond 

forces. The simple central force field involves those 

forces between atoms along the line joining them whether 

the atoms are bonded or not. Since the bending of a 

molecule results in no change of the bond length, the 

central force field does not account for the out of plane 

vibrat ton. 

The results of these functions rarely agreed with the 

experimental values (li,pp.159-l84 and 28,p.29B7). TJrey 

and Bradley (8,p.562) and Heath and Linnett (8,p.585 and 

lO,p.87) introduced a repulsion term between the non- 

bonded atoms of a tetrahedral halide molecule represented 

by a/R7, and a/Rl2 and a/R45 respectively. Heath and 

Linnett, using a simple valence force field with a 

repulsion term of a/R4'5 and selecting a set of values for 



the force constants, found the calculated vibration fre- 

quencies in excellent agreement with the experimentally 

observed data. However, they found, irre$pective of good 

correlation, that the resulting potential function was not 

satisfactory (lO,pp.878-879). 

An alternative and more direct experimental method is 

preferred,for it involves no choice of arbitrary constants. 

With this method a modified potential function is used-- 

cross terms are introduced to the simple field function. 

In general, as previously stated, the number of constants 

in this function exceeds the number of vibration 

frequencies. This difficulty can be surnounted by thves- 

ttgattng isotopic molecules. Since the masses are differ- 

ent there will be a difference or a shift in the vibration 

frequencies. The forces, to a very high order of 

approximation, can be assumed to be invariant (ll,p.22'7). 

Now aditional information is known and a formulation of 

new equations is possible. Tiis latter method will be 

used to determine the force constants of the nitrate ion. 



EXPER IMENTAL 

Fne1y ground, eheniically pure barium ni.trates, 

13a(N1403)2 and Ba(N1503)2, were examined wit1 a Porkin- 

Elmer 12 C Infrared spectrometer, sna1 amplifier and a 
Brown recorder (12,pp.32-54). A sodium chloride rism wa 

used over the entire 8pectrwn. The arnp1e was examtried 

over the entire region wtth a single beam; the double 

beam was a10 used over the 1300-1400 cm region. A1thouh 

the in1e beam has a hiher resolving ability than the 
double beam, it has a dtztinct disadvantage in that the 

deflection observed depends upon the strength of the 

source, absorption by the niulling agent and the atmoaphere, 

as well a upon absorption by the amp1e. Since the 

percent transmission (the ratto of the transmi$sion of the 

sample to the transmission of the blank) is the moasuze- 

mont sou5bt, the spectrum of a blank muat also be 

determined and the ratio computed. However, with a s1.ght 

sacrifice in the resolution, the employment of the double 

beam (sample in the upper beam and the blank in the lower 

beam) enables one to obtain directly this ratio or the 

percent tranainission. 

The calibration of the instrument waa checked by uainj: 

the carbon d.oxide bands at 2MO and 667 

Potassium nitrate (K&-503, 63.5) was purehased from 

Eastman Organic Chemical, Distillation Product Industries. 
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Unfortunately, this salt was unsatisfactory in this 

work because the fundamental at about 730 is too 

weak to be observed. Unlike ammonium nitrate 

(lB,pp.l291-l293) the intensity of the fundanta1 bands of 

potassium nitrate was not appreciably changed when heated 

beyond its transition temperatuze (129,5° 0) or when cooled 

at a pressure of 106 or iig with liquid nitrogen for two 

hours. The cell used was a slit modification of that 

described by Wagner and liornig (27,p.298). 

The work of Miller and Wilkins (l9,p.2356) showed that 

barium nitrate absorbed in the 700-800 cm region. Thus, 

this was selected as the sample salt. 

A sample of barium nitrate was prepared from nitrogen 

pentoxide, l52o5, which was made from KN1503 by 

Teranishi1. Water was added to the solid nitrogen pent- 

oxide (previously cooled with liquid nitrogen) to produce 

nitric acid. It was imperative that the nitrogen pentoxide 

be kept in the solid form to prevent ïts decomposition to 

nitrogen dioxide. To the acid solution, a saturated 

aqueous solution of barium hydroxide (chemically pure 

barium hydroxide plus water) was added until the pH of the 

resulting solution was approximately six (Universal pH 

paper). The solution was evaporated in a 50 ml beaker to 

Teranishi, Oregon State College, Corvallis, 
Oregon. 



approximately 2 ml; then placed in an oven (temperature 

90_1000 C) and evaporated to dryness. The salt was ground 

with a mullite mortar and pestle and kept in a vacuum 

desiccator (vacuum created with water aspirator) over 

phosphorus pent oxide. 

Since nujol (hoavy mineral oil available at Stanco 

Incorporated) has an absorption maximum in the 1350- 

1400 cm region, Ba(N-4O3)2 was examined as a dry-powder 

sample as well as a nuol mull in this region. The samples 

in the other regions were all examined as nuo1 mulls. 

Best results were obtained when the mortar ground samples 

were further ground between a 'ound-glass surface and the 

face of a sodium chloride window. For a nujol mull, a 

small quantity of the finely ground salt and nujol was 

placed between two polished sodium chloride windows (each 

22.2 x 22.2 x 7.3 mm) and rubbed together until a fine 

film resulted. 

The procedure for the preparation of the dry-powder 

sample is slightly different. After the grinding, the 

salt was left on the ground-glass surface; a drop of 

ethanol (95%) wa placed on it and a polished sodium 

chloride window was placed over it. The window was moved 

back and forth until a fine film appeared. Now the window 

was left in contact with the ground glass surface until it 

was alrost completely dry. The two surfaces were carefully 

separated. The sample was allowed to dry completely at 



room temperature before another polished window was placed 

adjacent to it. 

The abradant used to polish the window surfaces was 

cerium oxide moistened with ethanol on 'E-ZE3T' luster 

cloth. 

The slit widths on the spectrometer wore 0.080, 0,245, 

and 0.410 mm for and di14 respectively. 
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EXPERIMENTAL RESULTS AND DISCUSSION 

The same notation as that used b Keller and liaiford 

(l3,p.28) and Herzberg (ll,p.179) shall be used to 

designate the four fundamental vibratIons of a planar XY 

group: the totally symmetrical 8tretehing mode for- 

bidden In the inlrared; 
2' 

out of plano bending mode; 

2J3 double degenerate predominantly stretching mode; 

2)4' double degenerate predominantly bending mode. 

Table 1. Fundamental Raman and Infrared Frequencies 

l 2 2)3 ¿14 

(cm-) (cm1) (cm) (cm1) 
Ba(N1403)2 
Author powder IR -------- 815.5 155 730.3 
Wilkins and 

Miller powder IR ------- 817 1352 729 
Schaefer2 crystal R 1046.02 ----- 
Kohlrausch crystal R 1049 ----- 1396 729 

Ba(N15O)2 
Author powder IR ----- 794 1325.3 729.4 

Autior powder IR ---- 826.3 ---- 
Wilkins and 

Miller powder IR ----- - 824 1380 
Kohirauseb crystal R 1051 1351 711 

KN150 
Autior powder IR --- 806.3 ---- 

The values for ¿) and 1.14 for the potassium nitrate 

are not given in Pable i because as soon a it was apparent 

2ßchaefer, Clemens, Frank Matossi and Hubert Aderhold. 



that it wauld not absorb in the 700-800 cm region no 

further attetipt was made to determine the absorption 

maximum of Z13. The spectrum of the isotopic mixture 

as clearly resolved into two bands. 

AU the curves in Fig. i except E and D are spectra 

of barium nitrate with nujol as the mulling agent; E and D 

are spectra of barium nitrate as a dry-powder sample. 

Curve E is the only double beam determined spectrum; all 

others are spectra determined with single beam. 

Curvo G, a spectrum of the isotopic mixture, showed 

clearly the two resolved bands, one band for each of the 

isotopic molecules. In the reeion ot tile spectrum of 

the mixture did not show two minima. A very slight hit t 

in the frequencies occurred between tile spectra of the two 

isotopes (curve A and curve F), and this is indicative that 
the nitrogen atom in this mode of vibration does not move 

appreciably. 

Although 4r;13 (curve H) could not be resolved into two 

bands, there was a shift in the frequencies between the 

spectra of the isotopic molecules. The nature of this 

hand (broad) makes it difficult to determino its center 
accurately. A powder 8ample was cooled with liquid 

nitrogen to effect a sharper band and possibly a resolution 

of the band, No significant change in the spectrum occurreth 

To escape the uso of nubi, a dry powder sample was also 



z 
o 
u) 
u) 

u, 
z 

I- 

z 
o 
U) 
U) 

z 
(f) 

z 
4 
I.- 

Iv 

I" T 
- i: w 

A, B, C Nujol mull (eingle beam) 
D Dry powder (ziingle beam) 
E Dry powder (double beam) 

I I I i I i 

00 800 0I 9 1200 300 ¡400 500 

f 'lU 

FREQUENCY (CM) 

FIGURE I. THE INFRARED SPECTRA OF NITRATE 

N 'O +o 

F, G, H Nujol mull (single bean) 
I liji I I 

fl()TI2Öfl 300 ¡400 ¡500 

FREQUENCY (CM) o 



3.3 

u38d (curves i and E). The pecultar shape of curve D and 

the broadonin of curves I) and £ can conceivably be duo to 

the barium ions an.d the sodium ions nutua11y replacing each 

other, in an alcohol colution during the preparatory step, 

forming barium chloride and sodium nitrate. A possible 

change in the crystal structure of the sample was offered 

as an alternative explanation. 

The transmission minimum at 1415 cm- may be the 

overtone band, 24. Other minima occurring above 3.500 

cm are probably due to inadequate matching of the back- 

ground and the blank. 

The general formula of the Redlich-Teller product 

rule (11,p.232) becomes for a planar nitrate group a simple 

relation 

where the supersc 

N1503, 11,8 are 

the masses of the 

I . 

(:tmN+Ómp1l 
(3) 

¼ t mN + 3m0 ) 13 L'4 

ript t refers to the isotopic group 

the fundamental frequencies, m and m axe 

nitrogen and oxygen nuclei respectively. 

The result of the function of the masses in (3) is 
jL 

0.9739. The ratio 2 of the experimentally determined 
L 2 

value and '2 815.5 cm) is 0.976,.an 
excellent areemont with 0.9739. The ratio is 

0.9769; an increase of 4 cm for ¿ would have given a 

value of 0.9740, an almost perfect agreement with 0.9739. 
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CALCULATION OF THE FORGE CONSTANTS 

The nitrate ion belongs to the t point group with 
t n 

degenerate vibration and possoes A2 and species 

of vibz'ation. (ll,p.138). It has besn shown that the total 

number of independent potenti1 constants is 1/2 Cr +1) 

(ll,p.148), where fa's are the number of fundamental or 

normal vibrations of a riven species j. Since there are 

(3n-6) degrees of vibrational freedom for a non-linear 

molecule, it is concluded that the nitrate ion has one 

vibration for one vibration for A, and two doubly 
degenerate vibrations for 

ßt, 
Thererore, the nitrate ion 

will have five independent potential constants and four 

experimentally determinable fundamental vibration frs- 

quencies. The additional information necessary to solve 

the problem was obtained by using the isotopic molecule, 

N1503. 

The second order term potential function was assumed 

as (2) 

v= 1/2 q.q , i 1, 2, ', 3n. 
3 

Now, the most general quadratic potential function con- 

sistent with the symmetry of the nitrate group is 



2V rr (r1 -j.r2 +r3) +2rr (r1r2 r2r1+rir3) 
+RR (4 + R +R) + 2f (R1R2 + R2R3 + R1R3) 

+ 2rR (riRi+ r2R2 + r3R3) + 2fR 1R2 + r1R3 
4r3R1 .4 r2i + r2R3 + rR2) -f f2 

where rj'a are the changes in the internuclear distances 

between the N-O nuclei and Rts are the changes between the 

OO nuclei. The f term is the out of plane vibration 

(displacement perpendicular to the plane). 

The central force field function was used because it 

greatly simplified the calculation. If one desires the 

force constants ($ of a valence force field 

function it can be found as shown in Appendix I from the 

calculated central force field values, 

The kinetic enery expression (1) 

T = 1/2 E:a bjjt4j i 1, 2, '',3n, 

becomes in term of the internal coordinates related to the 

elements of a matrix G, such that 

T = 1/2 Gldsksl, k 1, 2,,3n-6 (5) 

and the potential function in the same coordinates, if 

symmetry i8 considered, becomes related to the elements of 

a matrix F U.7,pp.13-27) 

V 1/2 Ç FklSkSl k =. i 2 ' ,3n-6, (6) 

where the Fkl's are the force constants. The introduction 

3A tabulation of general formulas for inverso kinetic 
energy matrix elements in acyclic molecules has been worked 
out by J. C. Dodus. 



of these two expressions into tbe equations of iotion leads 

1FG-ElO () 
where 41Í2V2 = ;\. 

Now, applyin?; the secular equatìon, the relation 

between the force constants, casses and displacements are 

F11 G1i. (8 

ri r - 
£22 U22 - w2 yJ2 

( 
( ;: ) e::: :) x ) 

3 4 i"3 G33 + 2F34 034 + 44 44 (Il) 

?4 (033 044 - 4) (F33 F44 - 14 (12) 

where 

10 G44 3/2,U0 

G22 3fJ14 + = -/2,U (13) 

G33 3/2 PN to 

F _L 
f1 II tri 2trr F44 _ i 

F22 =. F34 = rR rR (14) 

F33 = 
rr 

The symbols /J0 and PN refer to the reciprocal of the 

masses of the oxygen and nitroon nuclei respectively. 

The values of the force constants, Fts and f s in 

mfllidynes/, are 
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F11 = 10.31 rr = 7.900 

F22 1.415 = 1.205 

F33 = 6.695 .i.415 

F44 = 4.111, (4.146) 4.111, (4.146) 

= 1.159, (1.190) rRí = 1.159, (1.190) 

Since there are only Cive independent potential constants, 

F's, for the nitrate croup, the values of and 

rRrR had to be expressed as the differences of the two 

f 8. 

The other sot of F's (F34 = 6,572 (6.541) and F44 

10.36 (10.32)) was discarded. Calculations showed that the 

consequence of these roots was a 1are motion of the 

nitrogen atom in the mode, a direct contradiction of 

the experimental findings. 

To offer an approximate check with the data of the 

simple valence Corco field reported in the literature, the 

constants of the generalized valence force field function 

were determined from the already calculated values of the 

generalized central force field. The average values, in 

millidynes/L aro: 

4Tho application of the Redltch-Teller rule showed a 
slight discrepancy between the ratio of the masses and the 
ratio of the degenerate frequoncie; and due to this diff er- 
once there are two values for F and F . If the rule 
had beer exactly satisfied the P's calculated from (12) using 

. 
14.008 and flT 15.005 would have been the 

same. The values in the 3arenthesos ars those for 
,h4 = 15.005. 



rr 8.608 

0.851 rr 

l4l5 

poo _q 

ro( - 1.200 

The value8 reported in this paper are approximate; no 

corrections were made for anharmonicity. Usually the 

effect is small, althou;th corrections as high as four 

percent were found necessary for the water molecule. 
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APPENDIX I 

TRANSFORMATION OF FORCE CONSTANTS FROM GENEEALIZ 
CENTRAL FORCE TO GENERALIZED VALENCE 

FORCE POTENTIAL FUNCTION 

It wa& pointed out tn the text that the generalized 
central force (GCF) coordinate system provided a simpler 
basis for the kinetic energr than did the generalized 
valence force (GV?) system. In this appendix the relations 
between the force constants in the two systems will be 

developed for the nitrate ion and thus in general for all 
XY3 molecules of D3h symmetry. 

The most general quadratic potential function has the 
following form in the GCF system: 

2V rr (r 4 r 4r) + 2fr (r1r2 +r2r3 
+f (R + 4 + 4) + 2fJ (R1R2 + E2R3 + R3R1)(Irl) 
+2frR (r1R1-j- r2R2 .4 r3R3) + 2fR (r1R2-j.. r2R3 

+r3R1 + R1r2 -f R2r3 R3r1) -4 fgc 2 

in which r is a change in an N-O distance, R in an O-O 

distance, and is the distance of the I atom perpendicu- 
lar to the plane determined by the three oxygons. Although 
seven force constants are defined in the above expression, 
only five are physically determinate, due to the existence 
of redundancies ifl the set of seven coordinates, of which 
only six are independent. 



A corresponding set of LVF coordinates may be employed 

to define the potential energy as f ol1ows 

2V 4rr (r -f- 
r +r) + 2 (r1r2 + r2r3 -- r%r) 

(o(+ Q( +)+2r'(12 
+23 +[) (I-2) 

+2rer (x1o(1 + r22 + r3«) + 2r0 (r1«2 

+r23 + ro(1 + 11'2+0<2r3 + rj) 

in which r and have their previous significance (r0 is 

the equilibrium N-O distance) and represents a chan:e 

in an ONO angle. Here again there is a coordinate 

redundancy (in this case + 0(2 + O) leading to 

the definition of two more force constants than are capable 

of physical determination, 

The relationship between the two sets of coordinates 

must first be obtained in order to find the connection 

between the two sets of force constants. This may be done 

by considering. a triangle formed by the nitrogen atom and 

two of the tlroo oxygen atoms (Fig. 1). 

Figure 1 



By the tri.gorionietrlc law or costhos 

(Re 4 R3)2 (r0 -- r)2 .. 
r2)2 

(I-) 
2(re +11) (r,4r2) cos 4 

Since the equllibriuni values of the coordinates satlsí'y 

this expression separately, expansion in powers of R z, 
r2, and and retention of only tìie linear terrn yields 

2HeR3 r2) - 2x0 ( 4 z'2) cos 

+2r sin O( 

or 

R= 1/2 (r1 4 r2) 4. r0/2 (L-4) 

Express ions for R1 and R2 can be obtained by an obvious 

permutation of subscripta. 

Zubstitutjon of (L-4) in (I-1) can be used to convert 

to a potential function depending upon the an1ea, and art 

colloctin coefficients one obtains the force constants 

as runctions or the fis. 

ri' eri' + 3/2fRR 4 3/2f -f 2 

&r : f -F /4r + 9/4f + 

. ot 1/4fRR 

. Li( 1/4fR 

i/24R l/2frR 

/RR + 1/2fR 
f 

To avoid the redundancy problem, one may rewrite tese 

expressions in the symmetry coordinate form, namely: 



c + 24 = F11 = 10.31 

rr ;r F33 3/4 F44 - 1. F34 = 7,7571 

t4g - 1/4 F44 1.032 

F44 + 1/2 F34 = 1.200 

= F22 = 1.415 

from wW.cb 

= 8.608 

0.851 

1Avere values of the F's of the two sotopos were 
u$od ror F34 and F44. 


