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Specific features of the interaction of components 
in the DMSO--HBr- -Pd  ~ system 
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The products of interaction o f  componen,'s m the donor-acceptor electron-transport 
(DAETI DMSO--HBr  system and their complex formation with the metallic palladium 
surface ~,ere studied. H20 and Me~S tmain reaction products) and CO, CS 2. C2H+ ,, MeBr, H, 
and CH 4 (nlinor reaction products) were fiaund m the gas phase by mass spectrometq,' (MS). 
The samples of metallic palladium treated with lhe DAET system with a components ratio 
corresponding to the minimum and maximuna rates of metal dissolution were studied by the 
methods of thermoprogrammed desorption v.ith MS detection (TPD-MS) and XPS. Accord- 
ing to the FPD-MS data. two forms of Me-S are presen{ on the metal surface, whereas the 
XPS metl'od detected two complexes ,.v~th lhe molecular compositions pdttBr4Si2,, and 
pdlIBQ.a6S~ 42- The addilion of an aqueou.,, solution or NaOH to the system results in the 
Pbrmation of HCOONa. which indicates that compounds (CH20. HCOOH) capable of 
reducing the palladium complexes are present in {be DAET system. 

Key words: donor-acceptor electron-tram, po~l system, dimethyl st, lfl)xide, hydrogen bro- 
mide, palladium, complex formation, surface, metal, mass spectroscopy, XPS. 

Dissolut ion of  metals is an impor tan t  stage in 
solvometal lurgy and the synthet ic  chemistry of  metal 
complexes,  especially m the chemis t ry  of  noble metals. 
The systems that oxidize these metals can be classified 
depending on the role of  the starting components  of  the 
liquid phase during metal dissolut ion as folk)ws. 

1. Mo&culor donor-acceptor (MDAJ .systems. The sys- 
tem contains  a l igand-conaplex-forming agent (donor) 
and an oxidant  (acceptor~ that form molecular  com- 
plexes. The metal  is oxidized by a complex-bound  ac- 
ceptor  such as molecular  ha ogen.  ntolecular or  peroxide 
oxygen, qu inone ,  and others, lbr example, t .2 

2 Au ~ + 4 G N  = 1/2 02  + H 2 0  ," 
," 2 [Au I (CN)2 ]  - + 2 OH- .  ( I )  

This class also contains systems with complex ions of 
metals or compounds  of  e lements  in high oxidation 
states as oxidantsa: 

Au ~ + 2 CS(NH2) 2 a Fe 3~ ," 
,- Au [CS(NH2)2 ]2  ~ + Fe 2+. (2) 

2. Donor-acceptor electron-transport (DA ET) .gvstemsfl 
Unlike the M D A  systems, in the D A E T  systems mo- 
lecular complexes  undergo further t ransformation with 
complete  e lec t ron transfer from a donor  to an acceptor. 
New species capable of  oxidiz ing the metal are generated 
in the systems. 

Inorganic DAETsystems. The system contains inor- 
ganic l igand-complex- fo rming  agents (donor) and ac- 
ceptor  that do not directly react with the metal. Corn- 

pounds capable of  meta l  oxidizing are l o rmed  due to the 
interaction of the c o m p o n e n t s  of  the inorgan ic  donor -  
acceptor  system. This  type of  systems is exempl i f ied  by 
aqua regia, whose oxidants  are nitrosyl ch lor ide  and 
molecular  chlorine (or  its hydrate) formed by the inter- 
action of  concent ra ted  nitric and hydroch lo r i c  acids5: 

Au 0 4 4 HCI 4- HNO3  -,-  

- - - , ' -  H [AuCI4 ] ' -  + NO + 2 H 2 0 .  (3) 

Organic DAET.systems. The system con t a in s  an or- 
ganic l igand-comptex- fo rming  agent ( dono r )  and  an 
organic or inorganic accep to r  inert toward the metal. 
The D M S O - - H B r  system ("Chernogolovskaya  Vodka") 4 
studied in this work is an example  o f  organic  D A E T  
systems. Systems o f  this type enable the use o f  a wide 
range of  organic c o m p o u n d s  con ta in ing  variot ,s  func- 
tional groups, which provides  for tile synthesis  of  metal 
complexes m one s tage6-8:  

Au 0 + 2 BuBr  .- M e 2 S O  - - ~  
-~ M e 2 S A u B r  4- [AuSr ]s  + B u 2 0 ,  (4) 

Pt c + 4 HBr + 2 M e 2 S O  - - " -  

-----,.- [Me2SJ2P tB r4  4- 2 H 2 0 ,  t5) 

Ag O + 2 HBr + 2 M e 2 S O  - - - " -  
,- [ M e 3 S ] [ A g B r 2 ]  + H 2 0 .  (6) 

A distinctive feature o f  the D M S O - - . H X  system is 
the presence of  several extremes on the plot  o f  the rate 
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o f  metal (Ag, C a ,  Au,  Pt, and  Pd) dissolut ion vs the 
c o m p o n e n t  rat io.  9,1~ T he  na tu re  of  reactions occurr ing  
in these sys tems is yet unc lea r ,  and their  investigation is 
st i l l  urgent. 

This work is a i m e d  at s tudying the products  of  the 
t rans l \ ) rmat ion  o f  tile c o m p o n e n t s  of  the organic DAET 
system D M S O - - H B r  and  the i r  complex format ion  with 
metal l ic  p a l l a d i u m .  

Experimental 

Mass spectrometry {MS). thermoprogrammed desorplion 
with MS detection tTPD-MS) ,  and X-ray photoelectron spec- 
troscopy (XPS),,',ere used. The interaction of DMSO with HBr 
was studied at ratios o r t h e  components corresponding to the 
mola, Iractions of DMSO n = 0.25 and 0.7, lot which tile rate 
of toe',at dissolution !lad extreme vaIues. 

For the mass spectrometric determination of gaseous reac- 
tion products, experiments were carried ou! m an evacuated 

I 3 N m -? ) the rmos ta t t ed  glass reactorat 60 ~C Tode[ermine 
the procucts of deep conversion o( the componeltts of the 
system at maxtma of the metal disSolulioll r't(r the reac{ion 
mixture was heated for 2 h at 100 ~C. For the TPD-MS analysis 
of the products adsorbed on the palladium surface, the metal 
powder was exposed to the reaction mixture for 2 h at 60 ~ 
The setup and " IPD-MS anal?sis ha~e been described in detail 
m the previous work. II t h e  FPD spectra were obtained by 
linear heating at the rate [', = 3 deg rain -~ The activati~m energy 
of desorption E(D) was found by a known procedure. Iz To 
determine the oxidation slate of the elemetlts o~1 the palla- 
d ium surface by XPS, the metallic loil was treated with a 
DMS()- - I lgr  solution under  conditions similar to those o f  lhe 
TPD analy';is of the producls. X-ray photoelectron spectra were 
recorded on a Varian lEE-15 spectrometer with induced elec- 
tron emiasum (USA). 

Results  and Discussion 

TO reveal the  n a t u r e  o f  the final products  of  the 
in te rac t ion  o f  D M S O  with t t B r  in the absence of  tile 
metal ,  the gas p h a s e  was ana lyzed  by MS at different 
initial ratios of" the  c o m p o n e n t s .  In both cases (n = 0.25 
and  0.7), tile M S  ana lys i s  of" the gaseous react ion prod-  
ac ts  showed w a t e r  a n d  d ime thy l  sulfide. CO, CS 2. C2H(,, 
MeBr ,  H 2, a n d  C H  4 were found as admixtures .  In 
addi t ion ,  H2S, H B r ,  M e 2 S ,  Me2SO, SO,,  COS.  and 
C O  2 were l b u n d  in a m o u n t s  an order  of  magni tude  
lower than the  p r e v i o u s  admix tures .  

In a n o t h e r  e x p e r i m e n t a l  series, metallic pa l ladium 
was treated w i th  a D M S O - - H B r  solution at the same 
ratio of  the c o m p o n e n t s .  T he  T P D - M S  data showed that  
the  metal su r lhce  c o n t a i n s  two adsorbed forms of  di-  
methyl  sulfide w i t h  an  effective activation energy of  
desorpt ion  E'(D)  = 116.7 kJ tool -I  ~at 90 ~ and 
U'(D)  = 113 kJ tool  --j (at t40 "C) (Fig. I). It can be 
assumed that  the  a d s o r b e d  species  Me,S  and Me2S" Br 2 
can  be sources  o f  two  forms  o f  dimethyl  sulfide desorbed 
From the meta l  su r face .  T h e  desorp t ion  of two forms of  
Me~S is not a resu l t  o f  the  decompos i t ion  of  the palla-  
d ium complex  o n  the  surface.  The thermogravime~ric 
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Fig. i .  Thermodesorpt ion speclra o f  dirncthyl sul f ide from 
the palladium surthce L;~I = 116.7 kJmo l  '~ ( T I )  , s = 
113 kJmol -J(T2). 

s tudy 13 of  the (Me2S)?PdBr 2 complex  isolated f rom the 
react ion mixture showed that its thermal  d e c o m p o s i t i o n  
starts at 235 ~ and proceeds with the e l i m i n a t i o n  of  
me thy lmercap tan  and d imethyl  disulfide ( p r o d u c t s  of 
d imethyl  sulfide decompos i t ion)  followed by the  e ' ,olu-  
t ion of  ethyl bromide and e thane .  Pal ladium sul f ide  PdS 
is the final decomposi t ion  product .  The X P S  s tudy  of 
the metallic palladium samples  treated with the  D A E T  
system -tt c o m p o n e n t  ratios co r r e spond ing  to the  min i -  
m u m  and maximum rates of  metal  d i s so lu t ion  (mola r  
fract ion oF DMSO n = 0.25 and  0.7, respec t ive ly)  gave 
the results presented in Table l. 

The bond  energy for pal ladium co r r e sponds  to Pd 2+, 
and the a tomic  ratio of pa l ladium,  b romine ,  a n d  sulfur 
at the m i n i m u m  point of  the  dissolut ion rate cor re-  
sponds  to the composi t ion PdBr4SI.20, and  t h a t  at the 
m a x i m u m  point  corresponds to P d g r  3 s0S1.42. Su l fu r  has 
a b roadened  peak and, most  probably,  exists  in the 
oxidat ion state (IV) rather than  (11). B r o m i n e  remains  
negatively charged,  but its e lec t ron  densi ty  is lowered.  
Based on the obtained data, we may assume tha t  the 
adso rbed  complexes  (Me2S).~PdBr 2 and  c o m p o u n d s  
whose  compos i t ions  are close to M e 2 S ( O H ) B r  and  
Me)S"  Br~ are present on the metal  surt\~ce. T h e  liquid 
phase contains ,  most likely, several complexes ,  whose 
compos i t ions  depend on the ratio of  the c o m p o n e n t s .  
However,  only (Me2S)2PdBr ~ has been isola ted in the 
solid state. 13 

Our results agree vdth the concep t s  on  ti le equi l ib -  
r ium I'~ interact ion of D M S O  and HBr,  w h o s e  final 
products  are H 4 ) .  Me~S. and  molecula r  or  c o m p l e x -  

Table  | .  Bond energie~ (~_0.2 eV/ for  the measured XP lines 

nDMSO I/rain Br/Pd $/Pd EBr(Sd) b Etd 3d(~,,2~) ES~2pl b 

0.25 15 4.0 1.20 69.7 338. t 164.2 
0.7 15 338 1.42 69.7 338.3 164.8 
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bound Br?, and the intermediates Me2S(OH)Br and 
Mc2S- Br~ arc responsible, most likely, for mela] oxida- 
tion. The formation of  these substances can be presented 
as the following scheme: 

Me2S=O + Hgr  = ~" [ M e 2 S = O - H B r  ] ~ 
L (MC) 

~ - ~  Me2S(OH)Br  t 7) 
1 

Me2S(OH)Br + HBr ~----~- Me2SBr 2 �9 H20 (8) 
2 

Me2SBr 2 . H 2 0  = - - ~  M e 2 S - B r  2 § H20 (9) 
3 

Me2S.Br .  2 . "- Me2S -- Br z (10) 
L" 4 

The total reaction is 

Me2SO + 2 HBr ~----~ Me2S + Br 2 + H2O. (11). 

l h e  calculated free energy of reaction (I I), ignoring 
complex formation, is -23 .4  kJ m o l l ,  t~' 

In the presence of  the ligand-complex-formmg qgents, 
dimethyl sulfoxidr (L) and dimethyl sulfide (L ' ) ,  halo- 
gen-containing compounds !.--4 can serve as oxidants. 

To reveal the nature of the oxtdant  formed by the 
reaction of Me,SO and HBr. an aqueous solution of  
NaOH was introduced into the system at reactant ratios 
corresponding to the lowest and highest rates of metal 
dissolution. ̀ ) 

Sodium formate, except for Me,S. was the only 
product. This indicates that species capable of reducing 
the rnetal complexes that t'orm in the liquid phase are 
generated in the system under some conditions. These 
reducing agents and possible products of their transfor- 
mation (CH20, CO, and CO?) have previously been 
found in the composit ion of the coordination com- 
potlnds. 5.15 

The reaction o f  Me,SO wkh HX (taking into ac- 
count reaction (7)) can proceed according to Scheme I. 

Scheme ! 

MeSCH2X : 2 
-Hx (x : C]) t 

! - .~o } 
t/• l 

Me2S(OH)X 

I -MESH 
I-HX 
u 

CH20 

4-PIX T H 2 0  
.-----~ Me2S(OH2IX 2 .  . 

-HX 

+Me2S(OH)X 
" HCOOH 

-Me2S. -HX ,,, 

Me2S �9 X 2 
-H~O 

X 2 + Me2S 
._/ --'X/ .... 

I 

CO 2 -"- 2 HX 

The compounds  f o r m e d  in the system can 
exist in different forms, for  example ,  as reso- 
nance forms (Me2 SII- Br 2 ~- = Me~SJVBr-,)_ _ or tauto- 
mcrs ( [ M e 2 S O t 4 1 B r  =. ~ I ,Me2SHIIOBr]~.  In the 
D M S O - - H X  system, the interact ion of  the reactants can 
proceed via two path~vavs: generat ion of  oxidants (halo- 
gen-containing compounds 1--4)  and reducing agents 
(CH~O and HCOOH). The predominant  formation of 
oxidams or reducing agents depends  on the DMSO to 
HX ratio and temperature of  the process (at >100 ~ the 
evolution of  CH20 from the react ion mixture is acceler- 
ated). The formation and evolut ion  of the reducing 
agents can be described by the following reactions: 

Me2SO -r HX _ - { M e 2 S O - H X }  
D: A D ' A  

~. ", Me2S(OH)X ,  ~12) 

MeoS(OH)X ----,-- CH20 ~- MeSH "~ HX, f13) 

CH2Q + Me2SO ,- HCOOH t Me2S. (14) 

CH20  + Me2S(OH)X 

,,. HCOOH + Me2S  -,- HX, 

Me2S(OH)X + HX " M e 2 S ( H 2 0 ) X  2 

,~ Me2S �9 X 2 

-H.d3 

(15) 

~,- X 2 -F Me2S, tl6) 

HCOOH - X 2 -----'- CO 2 + 2 HX, (17) 

HCOOH + Me2S-X 2 - - - ' -  CO 2 1- 2 HX 4- Me2S , (18) 

HCOOH + Me2S(OH)X . . . .  

CO 2 + HX + H20  4- Me2S ' (19) 

Here D is the donor, and A is the acceptor. 
In conclusion note that the organic DAET systems 

(including D M S O - - H B r )  d i t t iz r  f r o m  the i r  inorgan ic  
analogs by the manifestation o f  both oxidative and re- 
ductive properties. This creates prerequisites tbr the 
formation of  systems with control led  direct one-stage 
synthesis of  coordination compounds  and directed trans- 
fer of the metal phase in condensed complex-tbrming 
media. 
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