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Abstract 

In this contribution we report initial results of our solid phase vibrational spectroscopic study of 2,5-dimercapto-1,3,4-thiadiazole (DMcT)  
and derivatives representing its protonation and oxidation states. We have succeeded in assigning observed bands to modes which are 
diagnostically useful for studies concerning the electrochemical character of DMcT when used with polyanihne (PAn)  as a composite cathode 
material in a secondary lithium-ion cell. We discuss the implications of the current study for our further investigations of the DMcT/PAn  
cathode. © 1997 Elsevier Science S.A. 
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1. Introduction 

Previously, we reported the use of  a composite material 
consisting of  an organosulfur compound (2,5-dimercapto- 
1,3,4-thiadiazole, or ' D M c T ' )  in concert with a molecular 
bwire (polyaniline,  or ' P A n ' )  as the cathode of  an Li-ion 
secondary battery [ 1-3 ]. 

Recent results indicate that the redox processes of DMcT 
are accelerated in the presence of a weak base [4 -7 ] .  We 
have attributed this acceleration to a moderation of the local 
proton activity by the weak base. Elucidation of this effect 
represents a conceptual breakthrough and has allowed efforts 
to be focussed on a careful consideration of the proton transfer 
processes which occur in the cathode material. Toward this 
end, we have become interested in using infrared ( IR)  spec- 
troscopy to investigate the oxidation and protonation states 
of DMcT and PAn during the charging and discharging proc- 
esses of  the cell. While the vibrational assignments for PAn 
have been studied in great detail [8] ,  a survey of  structural 
assignments based on the vibrational band data in reports 
available for DMcT reveals many inconsistencies [9 -13] .  
Therefore, this study has been concentrated on providing 
reliable assignments of the vibrational modes of DMcT in its 
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various protonation and oxidation states. However,  we have 
limited our assignments to those bands which are useful as 
diagnostic indicators of  the various states of  DMcT. Further- 
more, due to the complexity of  the spectra, we have initially 
investigated the compounds in the solid state only. 

2. Experimental 

Spectroscopy was performed using a Bio-Rad 60 FTS/896  
FT-IR instrument equipped with a Raman attachment and a 
mercury-cadmium-te l lur ide  (MCT)  detector ( IR measure- 
ments) or a Ge detector (Raman measurements) .  Raman 
spectra represent 1024 co-added scans taken at 4 c m -  ~ res- 
olution. IR spectra represent 512 co-added scans taken at 
2 c m -  ~ resolution. 

The mono- and di-lithium salts of  DMcT were formed by 
addition of the proper amount of lithium hydroxide (in a 
water solution) to nitrogen-purged aqueous solutions of  
DMcT (Tokyo Kasei)  while monitoring the pH of  the solu- 
tion. The water was removed by rotary evaporation and a pale 
yellow solid dried o v e r  P205 at 50 °C. 

The dimer was formed by dropwise addition of one half 
an equivalent of  iodine (Kanto Chemical)  to a nitrogen- 
purged methanol solution of  DMcT. The product was precip- 
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itated by addition of water and recrystallized from methanol. 
Anal.  Calc. for C4HeS~,N4: C, 16.10; H, 0.68: N, 18.77; S, 
64.45. Found: C, 16.08: H, 0.67; N, 18.75; S, 64.5%. 

3. Results 

3.1. Tautomeric  structure o f  D M c T  and derivatives 

The results of crystallographic studies indicate that (in the 
solid state) DMcT exists predominantly in the thiol / thione 
form [ 14] ( Scheme 1 ) and di -DMcT exists primarily in the 
thione/thione form [ 15] ( Scheme 1). These structures are 
reflected in the vibrational spectra reported below. In the 
absence of other reports on the structure of  LiDMcT, we have 
assigned its predominant tautomer form as the thione form 
using the vibrational bands signature of  the thioamide group, 
r.i. 

3.2. Vibrational spectra 

IR and Raman spectra were obtained for DMcT and three 
derivatives (shown in Scheme 1 ). These spectra are pre- 
sented in Figs. 1 and 2, in order of  increasing spectral com- 
plexity. The objective of this study was to allow for the 
unambiguous determination of the oxidation state and the 
state of protonation of DMcT in the context of  its use in 
battery systems. Thus, the assignments of these spectra are 
not complete. Rather, we have concentrated on identifying 
those modes that are diagnostic of the redox and acid/base  
chemistry of these compounds. 

Table 1 details our assignment of the observed bands to 
the various modes in the molecules. In particular, we have 
assigned the C = N  stretch (split  when the ring includes two 
C = N  bonds) to bands at ~ 1400 to ~ 1450 cm-~ (based on 
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Fig. 1 Vibrational spectra of the lithium salts of DMcT: (a) (top) Raman 
and (bottom) IR spectra of Li2DMcT, and ( b ) ( top ) Raman and ( bottom ) 
IR spectra of LiDMcT. 

the skeletal vibrations for pyrrole and furan [ 16,17 ] ), the N -  
N stretch to a band near ~ 1025 c m - J ,  and C - S - C  asym- 
metric and symmetric stretches to bands at ~ 720 and ~ 660 
c m - l ,  respectively [ 18,19]. Also, a strong band near 1280 
c m -  i is assigned to an A~mode that is predominantly due to 
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Table 1 
Vibratmnal band assignments for DMcT and derivatives " 

741 

LizDMcT LIDMcT DMcT dl-DMcT 

Raman IR Raman IR Raman IR Raman IR 

Primary contributing mode or modes 

3200-2700 3200-2700 3250-2700 
2483 2480 2486vw 2491vw 

1501vw 1503 1508 1506 1506 1501 
1402 1405 1448 1452 1473 1474 

1446 1449 
1393 

1375 1372 
1307 1290 1279 1265 1274 1271 

1024 1021 1026 1030 1038 1107 
1072 1068 1038 

941 938 
750 

751 722 720 712 715 717 718 
671 669 668 656 659 650 655 

532 

v(N-H }, overtones, and Fermi resonsances 
vfS-H) 
6,p(C-N-H) 
u(C=N) 

~,,,( C=N ) 
v,(C=N) 
thioamide II mode 
u(N-N) 
A 1 ring mode 
u(C=S) 
7( N-H ) 
u,,(C S-C endocychc) 
u,(C-S-C endocyclic ) 
v(S-S) 

"' u = stretch, ,5 = deformation, r = torsion, ip = m-plane, as = asymmemc, 
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Fig. 2 Vibrational spectra of the monomer and dimer form~ of DMcT a) 
( top ) Raman and ( bottom ) IR spectra of DMcT, and ( b ) ( top ) Raman and 
( bottom ) IR spectra of dl-DMcT. 

an ou t -o f -phase  c o m b i n a t i o n  of  the N - N  and  symmet r i c  C -  

S - C  stretches.  M o d e s  of  this  type are f requen t ly  obse rved  in 

the IR spect ra  of  d iene- l ike  five m e m b e r e d  r ings,  wi th  pyrro le  

and  furan be ing  the paren t  example s  [ 16].  

s = symmetric 

The  p r e d o m i n a n t  t au tomer  fo rms  of  the c o m p o u n d s  are 

e s t ab l i shed  to be  the th ione  fo rms  ( b o x e d  in S c h e m e  1 ) by  

the p resence  o f  several  b a n d s  in the spect ra  w h i c h  are char-  

acter is t ic  for  that  t au tomer  [ 2 0 ] .  These  b a n d s  inc lude  the N -  

H b e n d  near  1505 cm ~ in the IR, the s ingle  C = N  stretch,  

and  the band  nea r  1280 cm ~ wh ich  can be a s s igned  to the 

th ioamide  II mode  [ 12 ]d [21  ]. The  lat ter  mode  is genera l ly  

a s s u m e d  to be a c o m b i n a t i o n  of  C - N  and  C = S  s t re tch ing  and  

N - H  b e n d i n g  for  acycl ic  th ioamides ,  but  here  we ass ign  this  

m o d e  p r e d o m i n a n t l y  C - N  s t re tch charac ter .  Also  for  the 

th ioamide  group,  the bands  f rom ~ 3200  to ~ 2600  c m -  

have  been  ass igned  by  Suzuki  [21]  to ove r tones  of  the 

th ioamide  group,  s t re tch ing  of  the N - H  bond ,  and  Fermi  

r e sonances  be tween  those  two modes .  W e  have  not  a s s igned  

these  peaks  because  they are not  d iagnos t i ca l ly  useful .  ( Note  

that  the C = N  s t re tch ing  f r equenc ies  in bo th  this  c o m p o u n d  

( 1405 c m -  ~ ) and  the d ian ion  of  D M c T  ( 1393, 1372 cm ~ ) 

are quite low due to the e lec t ron  dona t i ng  cha rac te r  of  the 

thiola te  group.  ) 

A ma jo r  o u t c o m e  of  this  s tudy is tha t  the spectral  charac-  

ter is t ics  for  these  c o m p o u n d s  p rov ide  a re la t ive ly  compre -  

hens ive  basis  f rom w h i c h  bo th  the ox ida t ion  state and  the 

degree  o f  p ro tona t ion  o f  D M c T  and  its de r iva t ives  can  be  

u n a m b i g u o u s l y  de t e rmined .  The  fact  tha t  v ibra t iona l  spec- 

t roscopy  can  be  e m p l o y e d  for  this  purpose  is par t icu lar ly  

a t t ract ive  because  o f  its ease  of  use  as an in situ tool in 

e l ec t rochemica l  s tudies.  Thus ,  the p resen t  work  serves  as a 

pre lude  to a t ho rough  in situ v ibra t iona l  spec t roscop ic  s tudy 

of  the redox and  a c i d / b a s e  b e h a v i o r  of  the D M c T /  

p o l y ( a n i l i n e )  l i th ium secondary  ca thode  sys tem.  
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