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The frequencies and forms of the no rma l  vibrat ions of the anions of 1 ,2 ,4- t r iazole  and 3- 
n i t ro - ,  3 - n i t r o - 5 - m e t h y l - ,  and 3 ,5 -d in i t ro - l , 2 ,4 - t r i azo le s  were calculated.  The potential 
ene rgy  constants were calculated by solution of the r ec ip roca l  spec t ra l  problem, and the 
f requencies  in the exper imenta l  spec t ra  were assigned to the fundamental types of normal  
v ibra t ions .  It is shown that the nitro groups in the 3 and 5 positions in the anions of the 
t r iazo les  are located in the plane of the t r iazole  r ing.  The coordination of the metal  in 
crys ta l l ine  salts of n i t ro t r iazo les  was studied by the methods of vibrat ional  spec t roscopy,  
and an assumption is s tated that the mos t  probable position of the metal  is near  the oxygen 
atoms of the ni t ro  group along the M e - O - N  line. As a resu l t  of a theore t ica l  analysis  of 
the vibrat ional  spec t ra  of the anions it was ascer ta ined that equalization of the lengths of 
the r ing CN bonds does not occur  during ionization of the covalent t r i azo les .  Calculat ions 
by the MO LCAO SC F method are  in agreement  with the data f rom vibrat ional  spec t roscopy .  

As in the case of 1 ,2 ,4- t r iazole  der ivat ives ,  it seemed expedient to commence  the investigation of 
the s t ruc ture  and interpreta t ion of the vibrat ional  spec t ra  of the anions with the s imples t  compound - the 
anion of 1 ,2 ,4- t r iazole .  The problem of the th ree-d imens iona l  and e lect ronic  s t ruc ture  of the 1 ,2 ,4- t r i -  
azole anion is cu r ren t ly  under discussion,  and some authors feel that equalization of the lengths of the ring 
CN bonds and equalization of the charges  of the symmet r i ca l  ni trogen and carbon atoms should occur  dur -  
ing the ionization of covalent  1 ,2 ,4- t r iazole ,  i.e., the s y m m e t r y  should be ra i sed  f rom C s for covalent  
1 ,2 ,4- t r iazole  to C2v in the anion [2]. 

To solve this problem,  we used the methods of vibrat ional  spec t roscopy  to calculate the f requencies  
and forms of the normal  vibrat ions of two models of the 1,2,4- t r iazole  anion for the C2v and C s s y m m e t r y  
groups .  The normal  vibrat ions of the anion with C 2v s y m m e t r y  are represen ted  with r e spec t  to s y m m e t r y  
types as follows: 

F~ =6Al +SB~+2A2+2Bb 

while in the case of a model with Cs symmet ry ,  we have 

Fv = 11A'+4A". 

ha the calculation of the model with C2v symmet ry ,  the 1 ,2 ,4- t r iazole  anion was cons idered  to be a 
regu la r  pentagon with bond lengths 1.34 A and internal  angles of 108 ~ while angles HCN were assumed to 
be 126 ~ [3]. The geomet r i ca l  equivalence of coordinates  Q1 and Q3 and Q4 and Q5 (Fig. 1) required  the in- 
troduction into the vibrat ional  problem of identical values of the force constants  for equivalent coordinates  
of the r ing.  However,  we were unable to se lec t  a set  of potential energy  constants  that would sa t i s fac tor i ly  

*See [1] for communicat ion III. 
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S t r u c t u r e  and n a t u r a l  c o o r d i n a t e s  of 
the 1 , 2 , 4 - t r i a z o l e  an ion .  
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F ig .  2. S t r u c t u r e  and n a t u r a l  c o o r d i n a t e s  of 
the 3 - n i t r o - l , 2 , 4 - t r i a z o l e  an ion .  

[t s 

H: 

Fig. 3. Structure and natural coordinates of 

the 3 - n i t r o - 5 - m e t h y l - l , 2 , 4 - t r i a z o l e  an ion .  
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F i g .  4. S t r u c t u r e  and n a t u r a l  c o o r d i n a t e s  of 
the 3 , 5 - d i n i t r o - 1 , 2 , 4 - t r i a z  ole an ion .  

TABLE 1. V i b r a t i o n a l  S p e c t r u m  of the 

Symmetry 
Ag salt 

[Rspecl~um, 
v, cm'l[14] 

A' 3140 
A' 3130 
A' 1507 
A' 1410 
A' 
A' 1340 
A' 1290 
A' 1230 
A" 1205 
A u 1170 
A' 1086 
A' 960 
A' 890 

sh 
W 

S 

sh 

VS 
VS 

sh 
W 
VS 
In 

sh 
rn  

K salt 

IR spec~um, Raman spect. 
~crn "1 [14] u,cm -i [5] 

1490vs 1482(2,2) 
1460 sh 
1385 1381(3,1) 
-- 1339(2,4) 

1256 vs 1259(10) 
1250 sh 
1200m 1191(1.6) 
1158 vs 1158(2,9) 
1070 vw 1069(l,4) 
980m 984(1,0) 
882 s 

, 2 , 4 - T r i a z o l e  Anion 

Vcalc' 
cm-I 

3159 
3132 
1488 
1436 
1380 
1347 
1261 
1252 
1200 
I150 
I093 
970 
882 
552 
55O 

Assignment* 

~(CH) 
V(CH) 

~(q,, q,) 
v (Qa, Q,, Qs) ' 8{G~) 
V(O,), {}(ell) 
v fq~, q~, Q~} 
8(6,6,) 
6 (6,-6,), v r 
p(cn), X 
p~cu), X 

6r 

*Symbo l s :  v r a r e  the r i n g  s t r e t c h i n g  v i b r a t i o n s ,  5 r a re  the r i ng  d e -  
f o r m a t i o n  v i b r a t i o n s ,  p a r e  the ou t -o f -p l ane  v i b r a t i o n s ,  and )r a re  the 
r i n g  bend ing  v i b r a t i o n s .  

d e s c r i b e  the e x p e r i m e n t a l  s p e c t r a  of 1 , 2 , 4 - t r i a z o l e  s a l t s  in c r y s t a l l i n e  f o r m  and aqueous  so lu t ions  for  
the i n v e s t i g a t e d  mode l  by methods  of c a l c u l a t i o n  of the p a r t i a l  d e r i v a t i v e s  of the f r e q u e n c i e s  with r e s p e c t  
to the force  c o n s t a n t s  and so lu t ion  of the r e c i p r o c a l  s p e c t r a l  p r o b l e m .  The c a l c u l a t i o n  of the mode l  with 
Cs s y m m e t r y  was  c a r r i e d  out wi th  the use  of data  f rom x - r a y  d i f f rac t ion  a n a l y s i s  for  cova len t  1 , 2 , 4 - t r i -  
azo le .  The po ten t i a l  e n e r g y  c o n s t a n t s  of 1 , 2 , 4 - t r i a z o l e  [4] w e r e  u sed  as the z e r o  a pp r ox i ma t i on  of the 
force  f ie ld ,  and they w e r e  then  r e f i n e d  by c a l c u l a t i o n  of the p a r t i a l  d e r i v a t i v e s  of the f r e q u e n c i e s  with r e -  
spec t  to the force  cons t an t s  and so lu t ion  of the r e c i p r o c a l  s p e c t r a l  p r o b l e m .  

Kq,=Kq--9,0; K %=K q4=13'3; K %=[2'4; K %=KQ~ =|2,1; K6i=0,9; Km,~=3,55; 

=0.6; K =0,3; H = H  = H  = H  =0,3; Kar K ~2,8; K =3,4; Kpm x q,Q, q~q5 ,he3 q2Q4 

=H 2,0; H = H  = H  = H  = H  =0,8; H =H =H =2,1; 
HQIQ2 Q2Q3 = QtQa Qlq, Q2Q4 q2O$ Q~Qs QIQ~ Qaq4 Q4qs 

A q,=A q~=0,2; A q ,=A q~=-0,16; 

A ~,=A Q~=A Q,=A %=0,96; A Q,=A ~a=A q,=A Qs=0,58; 
6, 6~ 6, 6~ 6~ 6. 6~ 6, 

A q , = A  ~ = A  Q~=A q , = A  %=2,1; l 6i=0 35" 

l 6 ,=l  fl2=l ~3=l ~4=--0,28; l ~i=0,32; 
~1 (zl r ~4 c~i+ 1 

;Q :Q 
l m = l  cq=...=--0,8; l =0,05; I =0,02. 

56a ~4 ~i+l Xi+2 
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The final  s e t  of potent ia l  e n e r g y  cons tants  that  s a t i s f ac to r i l y  d e s c r i b e s  the e x p e r i m e n t a l  s p e c t r a  of 
the 1 ,2 ,4- t r iazo le  anion is p r e sen t ed  above (in units of 106 cm-2).  

As a r e s u l t  of a t heo re t i ca l  ana lys is  of the v ibra t iona l  s p e c t r a  it was  a sce r t a ined  that  the 1 ,2 ,4 - t r i -  
azole anion has  C s s y m m e t r y ,  i .e . ,  equal izat ion of the r ing CN bonds does not occur  when a proton is spl i t  
off f r o m  the ni t rogen a tom.  The r e s u l t s  of the a s s ignmen t  of the f requenc ies  in the e x p e r i m e n t a l  s p e c t r u m  
of the 1 ,2 ,4 - t r i azo le  anion to the fundamental  types  of n o r m a l  v ibra t ions  a re  p re sen ted  in Table  1. 

Seve ra l  c h a r a c t e r i s t i c  pecu l i a r i t i e s  were  exposed  on compar i son  of the posi t ions  of the absorp t ion  
bands in the s p e c t r a  of the sa l t s  of monon i t ro t r i azo le s  [5]: the f requency of the synphase vibra t ion of the 
n i t ro  group is  found in a n a r r o w  s p e c t r a l  reg ion  (v 1300-1315 cm- l ) ,  and this makes  i t  poss ib le  to a s sume ,  
in analogy with the covalent  n i t r o t r i a zo l e s  [1], that  the n i t ro  group and r ing a re  cop lanar ;  the f requency  of 
the ant iphase v ibra t ion  is shif ted by 15-20 c m  -1 to lower  f requencies  as c o m p a r e d  with covalent  n i t r o t r i -  
azo les  [6]. This  s o r t  of lowering of the v ibra t iona l  f requency  may  be evidence fo r  an i nc rea se  in the p a r t i -  
cipation of the n i t ro  group  in delocal iza t ion of the negat ive  charge  and a d e c r e a s e  in the mul t ip l ic i ty  of the 
NO bonds.  Insofa r  as the s p e c t r a  of d in i t ro t r i azo le s  a re  concerned,  the spl i t t ings  of the absorp t ion  bands 
that  c h a r a c t e r i z e  the antiphase and synphase v ib ra t ions  of the n i t ro  groups  a re  not obse rved  in the IR 
s p e c t r u m  of the sodium sa l t  of 3 , 5 - d i n i t r o - l , 2 , 4 - t r i a z o l e  or  in the s p e c t r a  of aqueous solutions of alkal i  
s a l t s .  The spl i t t ing of these  bands is l e s s  in the s p e c t r a  of the c rys ta l l ine  po tass ium,  ce s ium,  and a m -  
monium sa l t s  than in the s p e c t r a  of the covalent  compound.  On the bas i s  of these  e x p e r i m e n t a l  data,  it 
can be a s sumed  that  the ni t ro  groups  a r e  spa t ia l ly  and e l ec t ron ica l ly  equivalent  in the 3 , 5 - d i n i t r o - l , 2 , 4 -  
t r i azo le  anion in aqueous solut ions and in the c rys ta l l ine  sodium sa l t .  The spli t t ing of the bands in the 
s p e c t r a  of o ther  c rys t a l l i ne  sa l t s ,  in analogy with the sa l t s  of d in i t romethyl  compounds [7], m a y  be e x -  
plained by the e f fec t  of the bulky cat ions in the c r y s t a l  la t t ice  on the v ib ra t ions  of the n i t ro  g roups .  

To con f i rm  the above assumpt ions  regard ing  the s t ruc tu re  of the anions and the deta i led  i n t e r p r e t a -  
tion of the v ibra t iona l  s p e c t r a  of the sa l t s  of n i t ro t r i azo le s ,  we ca lcula ted  the f requenc ies  and f o r m s  of 
the n o r m a l  v ib ra t ions  of the anions of 3 - n i t r o - ,  3 - n i t r o - 5 - m e t h y l - ,  and 3 , 5 - d i n i t r o - l , 2 , 4 - t r i a z o l e .  All of 
the ca lcula ted  models  have Cs point group s y m m e t r y .  The g e o m e t r i c a l  p a r a m e t e r s  of the t r i azo le  r ing 
were  used  jus t  as in the case  of the 1 ,2 ,4 - t r i azo le  anion; the NO bond lengths for  the n i t ro  groups  were  
a s s u m e d  to be 1 ~ 4  A, and the ONO angle was  a s s u m e d  to be 120 ~ [7-9]. The ro ta t ion  of the NO 2 and CH 3 
groups  about the CN and CC bonds was d i s r e g a r d e d .  Since i n c r e a s e s  in the s y m m e t r y  of the r ing under  
the influence of two e lec t ronega t ive  n i t ro  groups  might  have been expected  for  the 3 , 5 - d i n i t r o - l , 2 , 4 - t r i -  
azole anion, appropr ia te  ca lcula t ions  were  made for  a model  with C2v s y m m e t r y ;  the g e o m e t r i c a l  p a r a m -  
e t e r s  of the r ing were  a s s u m e d  to be the s a m e  as for  the 1 ,2 ,4 - t r i azo le  anion with C2v s y m m e t r y .  The 
potent ia l  ene rgy  cons tants  of the 1 ,2 ,4 - t r i azo le  anion were  used  as a ze ro  approximat ion  of the force  field 
of the r ing (C s s y m m e t r y ) ,  ident ical  values  of the fo rce  constants  for  equivalent  coordina tes  were  se lec ted  
for  3 , 5 - d i n i t r o - l , 2 , 4 - t r i a z o l e  with C2v s y m m e t r y ,  and the force  cons tants  of the NO 2 and CH 3 groups  were  
used  f r o m  data resul t ing  f r o m  calcula t ions  of n i t ro t r i azo l e s  [10]. 

The n o r m a l  v ibra t ions  of the anions are  r e p r e s e n t e d  as follows with r e s p e c t  to s y m m e t r y :  3-ni~ro-  
1 , 2 , 4 - t r i a z o l e - F v  = 15A' + 6A"; 3 - n i t r o - 5 - m e t h y l - l , 2 , 4 - t r i a z o l e -  Yv = 20A' + 10A"; 3 , 5 - d i n i t r o - l , 2 , 4 -  
t r i azo le  - (C2v) F v = 10A 1 + 9B.; + 4A 2 + 4B1, (Cs) Y v = 19A' + 8A". 

The na tu ra l  v ibra t iona l  coord ina tes  of the anions a re  p re sen ted  in F igs .  2-4 .  

As in the case  of the 1 ,2 ,4 - t r i azo le  anion, we were  unable to s e l ec t  potent ial  ene rgy  constants  for  
the 3 , 5 - d i n i t r o - l , 2 , 4 - t r i a z o l e  anion that  would s a t i s f ac to r i l y  desc r ibe  the e x p e r i m e n t a l  s p e c t r a  of the 
sa l t s ,  i .e . ,  equal izat ion of the CN bond lengths does not occur  in a t r i azo le  r ing containing s y m m e t r i c a l l y  
a r r a n g e d  ni t ro  g roups .  

The force  cons tants  of the inves t iga ted  anions were  ca lcula ted  by solution of the r e c i p r o c a l  s p e c t r a l  
p r o b l e m .  The force  cons tants  (in 106 cm-2),  which underwent  changes  as c o m p a r e d  with the constants  for  
the 1 ,2 ,4- t r iazo le  anion, a re  p re sen ted  below: 

3 - n i t r o - l , 2 , 4 - t r i a z o l e  anion: 

K =8,3; ~( ,=13,7; Kq=9,7; KQ=I.I,8; KQ==I2,4; .K.Q =i2,2; K~ =12;0; KQ=I1;3; 
r l l  q2,,~ I ,  ~ . �9 

Kt3,; =1,5; KI3~; =1,2; K =3,1; K =3,0; K =8,.1; K .=3,0; ~K =0~86;..K, =0,64; 

=0,48; H =0,94; H •H =1.2;; H =1,7; H =H ~1,3; ~ ,~ =2.0;~ 
~P~ ql.qJ qlr qLQs q'Jq3 q2Qt q~Qs 
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T A B L E  2.  

~ y m -  

metr V 

A" 
A" 
A'  
A'  
A'  
A" 
A" 
A '  
A" 
A" 
A" 
A u 

A" 
A t 

A" 
A" 
A" 
A" 
A" 
A" 
A" 
A" 

Vibrat ional  Spec t rum of the 3 - N i t r o - l , 2 , 4 - t r i a z o l e  Anion 

I Ha salt ' I t ,  l u ca1 Vcal c 
I'Jik ~spec'JIR spec. ~ K a ~  ~KvCalc ~  Kf~ for 
v,cm "1] v,cm " l '  v cm "t [ vcal-c' Assignment 

' cra -1 , O-- K, 

326oml - -  
1543 s 1538s 
1502 s 1496~ 
1410VSI1412~ 
13725 1378S 

131om 1 1368rr 
182w 11172w 

1081s 1078r~ 
994m1 996,~ 
~05w i - 
840 s - -  
~88 m 
~60 s - -  

1533(1,4) 
1482(0,9) 
1401(10) 
1367(lO) 
1336(7) 
1360(0,9) 
1170(8,0) 
1074(7) 
993(0,4) 

838(1,3) 

538(0,4) 

3251 3251 
153~ 1539 
1506 1502 
1425 1425 
1364 |365 
1359 [361 
1300 t301 
1179 L182 
1069 [069 
994 994 
905 928 
841 841 

"681 681 
621 630 
538 541 
524 524 
297 314 
213 213 
184 184 
- -  239 

|251 
L538 
�9 499 
425 
364 
359 
300 
179 
O69 
994 
905 
841 
681 
621 
583 
524 
526 
358 
184 

201 
134 

3251 
1544 
1502 
1426 
1364 
1359 
1311 
1180 
1069 ! 
997 
9o6 I 
841  
681 
664 
504 
524 
305 
289 
184 

2'29 
210 

"r (q,) 
v(q2' -ea) 
V(Qd r 
v((2~, qs),_' 6(cs) 
V(Qt' Q-)' 6(CH) 
~(Q:), I~(CH) 
V(q=, qs ) 
8{CH), V r 
p(CH), X 

r {==, r ~ )  

O(q,, q~, q), ~[ 
Pfq=, q.) 
v(%),  ~J(p,, p=) 

5(P,,fl,)' 5 (~i P,I 
X ~ (P,,P=I" 

(P~, P,) 

~(N------K) 
'V(O------K) 
v ( o - - - x )  

*Aggregate  s ta te  of the substance:  c r y s t ,  indicates  c r y s t a l s ;  H20 in-  
d icates  aqueous solut ions .  

TABLE 3. Vibra t ional  Spec t rum of the 3 - N i t r o - 5 - m e t h y l - l , 2 , 4 - t r i -  
azole Anion 

I . , Na salt j Vcalc  , c m ' t  Sym-  ~ spectrum, IR spectrum, R a m a n s p e c  
metl 'y ~, crn "1 . v ,  era "1 v, cm  -1 

. . . .  i ornt, �9 ~,o v .o 

A / 
AA:: 

A" 
A' 
A' 
A' 
A" 
A" 
A" 
A" 
A" 
A" 
A' 
A" 
A" 
A' 
A" 
A" 
A" 
A" 
A" 
A' 
A' 
A' 
A' 
A:" 

A' 
A" 

1542 ~s : 
1492 s .. 

~' i470 w : 

1450 s 

1402 s' 

,/ 13~ s.,, 

1302 m 
1097 m 

,." :1062 w :" 
~- 1039 w *,. 

998 w " 
845 s ~ 
770 w ~ 
708 s: 
667 s ,: 

m 

1536m 1529(0,8) 
14905 

147ow m5(2,11 

1434(1,0) 

1388c 

1328 (7,2) 

1293(2,0) 
1084 (9,8) 

1036(0,7) 
992 (1,o) 

�9 840(!,4) 

706(0,3) 

551 (6,5) 
368!0) 

1402 s 

1339 s 

1307 m 
1092m 

3154 
3154 
3080 
1539 
151t 

, 1474 
1460 
1451 

I 1407 
1391 
1348 
1341 
1298 
1094 
1055 
1014 
1002 
838 
,760 
722 
67O 
6O2 
55O 
373 
292 
254 
172 
123 

Assignment 

'v (qs, qs, qT) 
v (qe, q~) 

(qs, qs, qT) 
v(e 2, -%)  
v (Q~, q3, q~, qJ 
6(CH) 
6(c~) 
6(cH ), 'v (Q~) 

(QL, Q~)' 5(CHs) 
v (Q~. Q4)' 6(CHa) 
V (03)~ 6(CH) 

(Q,), 6(c~) 
~(q~, q~), ~ 
8(CH) 
8 (m, m, r 

i 8(cu# 
8(=,, a=) 
PCq,, e=, ~), X 

P(q,, q,, q), 
P(q=, qs), X 

6 PsP~ 
6(Ih, I~=) 
~ o ~ 0 "  " 

(P3, Ih) 
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H =2,2; H Q~Q~ q~Q4=2,1; H Q4%=2,0; A~ q,=0,65; ~A J--0,6; A mq' =-0,74. 

A fs,q2=0'76; A 2q~= .-0,2; A ~2=0,6; Aa, Q,=Aa2q,=Aat '~=Aa~Q~=I,92; /2~,=--0,06; 

1 I]~=0,3; / 1~3=--0,2; l . a , = . . . = l  a5=0,38; I p1=0,25; 
~4 COL ~2 (z~ p2 

3 - n i t r o - 5 - m e t h y l - l , 2 , 4 - t r i a z o l e  anion 

K =8,1; K No=13,7; Kq=7,3; KcH=9,1; K Q----I1,8; KQ~I2,4; K Q=ll,3; Ke4-12,0; 

l(q~ll,7; K~,=K ,=1,2; Ka,~=Ka,,,=3'3; K~=3,2; K'~=1,03; K8=0,7; Kp,=0,84; 

=0,5; K =0,27; H =l,0; H =H =1,5; b =H =l,l; Kp~ =0'65; Kp3 x q,q2 q~Q, q,q5 q~Q; q3Q~ 

Hq~Q=2,0, H Q =2,0; H q,Q~I,3; Hq,q~=O,3; Hq,Q=2,0; hq~q6=O,05; Al~q,=0,6; 

ql QI Q5 q4 q4 q4 {15 
A =-0,74;A . . . .  =A =1,92; A =0,6; .A =-0,72; A =0,5; A =0,6; 

a,  a,  as ~s a~ ~ ? 

= =...=l =0,36; Iv =!5 =I~ =--0,03; A~ =0,35; l ~, =0,3; la, -0,2; la~ m 

3 ,5 -d in i t ro -1 ,2 ,4 - t r i a zo l e  anion 

Kv,=K,~,=8,0; Kso=13,8; K all,7; K%=12,8; KQ,=I1,8; K~=ll,7; K =I1,4; 

Ko~c=l,6; Ki~....,f~=l,2; K =3,7; K =3,6; K =3,9; K =0,84; K =0,6; 

K =0,3; H =1,3; H =H =I,5; Hq=Q, =I,15; =2,2; =2,2; =1,5; qlq2 qlQ, qlQ5 ~QIQ2 I~Q~Q~ UQ3q~ 

Hezq =1,15; HQ,q=I,15; AI~ ~ =0,55; llL =0,3; la, =Ia, =-0,2; lp, alp, =0,25. 

As c o m p a r e d  with the covalent  de r iva t ives  of 1 ,2 ,4 - t r i azo le ,  the e las t ic  c h a r a c t e r i s t i c s  of the r ing 
bonds have changed in the anions: they have i nc rea sed  for  the 1 ,2 ,4 - t r i azo le  anion but have d e c r e a s e d  
for  the n i t ro t r i azo le  anions (the g r e a t e s t  changes  a re  obse rved  for  the NN bond). 

The r e su l t s  obtained by the methods of v ibra t iona l  spec t ro scopy  are  in a g r e e m e n t  with the values  
ca lcu la ted  by the MO LCAO SC F method within the approximat ion  of comple te  neglec t  of d i f ferent ia l  o v e r -  
lap (C NDO/2) * for  the covalent  3 - n i t r o - l , 2 , 4 - t r i a z o l e  molecule  and i ts  anion and the 3 , 5 - d i n i t r o - l , 2 , 4 -  
t r i azo le  anion (Fig. 5). An i nc r ea s e  in the population and, consequent ly,  in the e l ec t ron  densi ty  on the NN 
bond is o b s e r v e d  in the fo rmat ion  of the anion; this leads to an inc rease  in its force  cons tant .  As c o m -  
pa red  with covalent  compounds ,  red i s t r ibu t ion  of the e lec t ron  densi ty  during the fo rmat ion  of the anion led 
to a change in the in te rac t ion  of the ni t ro  group and the r ing bonds .  On the whole, conjugation inc reased ,  
and the coeff ic ients  of in te rac t ion  of the n i t ro  group and the ring bonds inc reased  by a fac tor  g r e a t e r  than 
two. At the s a m e  t ime,  the force  constants  of the NO bonds of the ni t ro  groups  and the force  constant  of 
the CN bond of the CNO 2 group d e c r e a s e d  somewhat .  The c h a r a c t e r  of the in teract ion of the r ing coo rd i -  
nates  r e m a i n e d  the s a m e  as before ,  and the potent ial  ene rgy  cons tants  of in terac t ion  of the bonds and 
angles have approx ima te ly  the s ame  values  as for  covalent  molecu les .  

I t  s e e m e d  of i n t e r e s t  to inves t igate  the ef fec t  of the coordinat ion of the me ta l  in sa l t s  on the pos i -  
tion of the bands in the v ib ra t iona l  s p e c t r a .  With this end in mind,  we ca lcula ted  the f requenc ies  and 
f o r m s  of the n o r m a l  v ib ra t ions  of th ree  models  of the 3 - n i t r o - l , 2 , 4 - t r i a z o l e  anion with the introduct ion 
o f n e w n i t r o g e n - p o t a s s i a m a n d o x y g e n - p o t a s s i u m v i b r a t i o n a l c o o r d i n a t e s .  The N - K  and O - K  bond 
lengths we re  a s s u m e d  to be equal  to the sums  of the a tomic  rad i i  of the ni t rogen and po tas s ium,  and oxy-  
gen and po ta s s ium a t om s ,  and we re ,  r e spec t ive ly ,  2.89 and 2.72 A.  Calcula t ions  of two va r ian t s  were  made 
in the case  of coordinat ion of the meta l  around the oxygen a toms  of the n i t ro  group:  in the f i r s t ,  the me ta l  
is s i tua ted  at a ce r t a in  dis tance f r o m  the oxygen a toms  of the ni t ro  g roup  at  an angle to the N - O  bonds;  

* The s e m i e m p i r i c a l  CNDO/2 method takes  into account the in terac t ion  of all  of the valence e l ec t rons  
without a p r i o r i  s epa ra t ion  into ~ and ~ e l ec t ron  shel ls  and makes  it  poss ib le  to obtain accura te  r e p r e -  
senta t ions  r ega rd ing  the cha rge  dis t r ibut ion in organic  compounds [11]. S la te r  l s  o rb i ta l s  for  the H a toms 
and S la te r  2s and 2p orb i ta l s  for  the C, N, and O a toms  were  used  as the bas i s  in the ca lcu la t ions .  The 
s e m i e m p i r i c a l  va lues  of the computa t iona l  p a r a m e t e r s  were  taken f r o m  [12, 13]. 
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a O ~ -o,3=, b O ~ -o,4,4 
p,=3 �9 , . ,  p,=o  

N ~2,S8 I~1J~2, 85 
2,8o )w,,,~oo 0 2 , , g  f"<~:.O 

~,~o/N c \ ~ , ,  6 ~ , , o / -  - \ ~ , ~  

H , ,   :o,,oo 

" 1 , 3 5 F ~  021 - O ~ 2 4 9  

,,~o I C 0 @ -0,388 . 
H @ 0~131 . ] 3 , 2 1  

N J ~ 2 , 8 6  

- o,2~ ~ = ~ ~ e o / ~ . ~ ' ~  O 

- O ~ 3 g O  3 1 4  IL~  P ~ - "  - 

N 

F i g .  5. E l e c t r o n i c  s t r u c t u r e  of  n i t r o t r i a z o l e s :  a) 3 - n i t r o - l , 2 , 4 -  

t r i a z o l e ;  b) 3 - n i t r o - l , 2 , 4 - t r i a z o l e  a n i o n ;  c) 3 , 5 - d i n i t r o - l , 2 A - t r i -  

a z o l e  a n i o n .  

T A B L E  4.  V i b r a t i o n a l  S p e c t r u m  of  t h e  3 , 5 - D i n i t r o - l , 2 , 4 - t r i a z o l e  A n i o n  

I Na salt I K salt 
Sym- IR spectr. IR spcctr. ~,aman !IR speca', IR spccE. 
me~y u. am "I v,cm -1 u, cm "1 u, cm -1 u, cm -1 

[ C-m]St------~l F I ' ~ - O - - I ~ I  CrySt; H20 

A'A" [545 s 1550 1543(0,6) 15401558 $s 1558__ s 

A t L507 r 1505 - -  1507 vs 1505vs' 
A' !430 ~ --  1424 m 1422w 
A t 402E t400 n 1403(10) 11400~s 1402s 
A' [372n 1367 n 1361(1,8)11370vs 13765 
A '  - -  - -  - -  1 5 0 S  - -  

A t i315 $ 1315 a 1312(0,4) l ~88 n 1312 m 
A' - -  ~ 1 ~ - -  
A' iI15~ 1116 w 1117(5,5) 1 12 ~ l120w 
A' ~060.~ 1053 w 1032(0) 1 ,57 r 1055 w 
A" 855 n --  ;52 = - -  
A' - -  - -  75 r - -  
A t - -  - -  21 r - -  
A" 670 IT - -  72 ~ - -  
A" 650 S - -  52 --  
A t . . . .  

A t ~ _ _  

A'  520 s - -  

A t _ _  _ _  

a r . . . . .  

. 4  r _ _  ~ 

A / /  _ _  _ _  
A t _ _  _ _  

A / /  _ _ 

Vcal~ ' Assignment 
(:El" 

1545 %'(q=. -q=) 
1545 v (qs, -ad 
1519 v (q,, Qs, q,), q, q~ 
[ 420 %" (Q~. q~, q,) 
1411 %' (Qs) 
1377 v (QI, QD 

1352 v (q2, Q~, qO 
1314 %" (qs, qe) 
1301 %'(%, %) 
t 1 0 5  6 (r162 r ~) 
1030 8(a~, %) 
859 %'(q,), Z 
787 p(q=, q=}, p(%) 
718 v (q,, q,) 
676 PC%, %) 
669 Peso) 
597 %'(cN), 5(No) 
581 8(~o }, 8(c.} 
510 6(No) 
326 5(No} 
273 6(No) 
261 6(cN) 
248 
126 ~',c 9 , 
107 g, p 

in  the  s e c o n d ,  c o o r d i n a t i o n  i s  r e a l i z e d  by  two  a t o m s  of  t h e  m e t a l  a l o n g  the  K - O - N  l i n e .  In b o t h  c a s e s ,  

two  O - K  v i b r a t i o n a l  c o o r d i n a t e s  w e r e  i n t r o d u c e d ,  and  i t  w a s  a s s u m e d  t h a t  t he  m e t a l  a t o m  l i e s  in the  

p l a n e  of  t he  a n i o n .  The  p o t e n t i a l  e n e r g y  c o o r d i n a t e s  f o r  the  n e w  v i b r a t i o n a l  c o o r d i n a t e s  w e r e  s e l e c t e d  in 

t he  i n t e r v a l  0 . 2 - 2 . 2  �9 106 c m  -2 u n t i l  t h e r e  w a s  s a t i s f a c t o r y  c o i n c i d e n c e  of  t he  c a l c u l a t e d  f r e q u e n c i e s  w i t h  

the  e x p e r i m e n t a l  v a l u e s  in t h e  IR  s p e c t r u m  of  t h e  c r y s t a l l i n e  s a l t ;  t he  f o r c e  c o n s t a n t s  of  i n t e r a c t i o n  o f  t he  

O - K  and  N - K  c o o r d i n a t e s  w i t h  t he  c o o r d i n a t e s  of  t he  n i t r o  g r o u p  and  the  r i n g  w e r e  d i s r e g a r d e d ,  s i n c e  

t h e i r  e f f e c t  on  the  v i b r a t i o n a l  s p e c t r u m  i s  u n i m p o r t a n t .  

W h e n  the  m e t a l  w a s  c o o r d i n a t e s  o n l y  w i t h  the  r i n g  N 1 a t o m ,  the  t h r e e  f r e q u e n c i e s  a s s o c i a t e d  w i t h  
the  d e f o r m a t i o n  v i b r a t i o n s  of  the  r i n g  and  n i t r o  g r o u p  c h a n g e d  o n l y  s l i g h t l y  ( T a b l e  2) .  In t h i s  c a s e ,  t he  
f o r c e  c o n s t a n t  o f  t h e  N - K  bond  w a s  - 1 . 8  �9 106 c m  -2 .  W h e n  the  m e t a l  w a s  s i t u a t e d  n e a r  the  o x y g e n  a t o m  

of  the  n i t r o  g r o u p ,  t he  g r e a t e s t  c h a n g e s  w e r e  o b t a i n e d  f o r  c o o r d i n a t i o n  o f  the  m e t a l  a l ong  the  K - O -  N 
l i n e ,  in  w h i c h  c a s e  t h e r e  i s  a s m a l l  i n c r e a s e  in the  f r e q u e n c i e s  of  n o t  o n l y  the  d e f o r m a t i o n  v i b r a t i o n s  b u t  
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also of the s y m m e t r i c a l  antiphase and synphase vibrat ions of the ni t ro  group in the calculated spec t rum 
(the force  constant  of the O - K  bond is 2.0 �9 106 cm-2).  

A compar i son  of the exper imenta l  spec t r a  of c rys ta l s  of alkali salts of 3 - n i t r o - l , 2 , 4 - t r i a z o l e  with 
the calculated spec t r a  shows that the best  coincidence of the f requencies  is observed  for  the second va r i -  
ant of coordinat ion of the metal  with the oxygen a toms.  It should be noted that  a s imi la r  type of coord ina-  
tion of the meta l  nea r  the oxygen atoms of the ni t ro  group was proved for  the alkali salts  of polynitro 
compounds by the methods of x - r a y  diffract ion analysis  [8, 9]. The coincidence of the f requencies  in the 
IR and Raman spec t r a  of the crys ta l l ine  sal ts  of n i t ro t r i azo les  and the i r  aqueous solutions may serve  as 
proof  of the approximate ly  identical  s t ruc tu re s  of the investigated anions in di f ferent  aggregate s ta tes .  
The resu l t s  of ass ignment  of the f requencies  in the spec t ra  of n i t ro t r i azo les  to the pr incipal  types of 
normal  vibrat ions are  p resen ted  in Tables 2-4.  
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