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violet (Cr( OHt)sCl,(s) -+- 

green trans-( Cr( OH2)4Clz)C1.2H20 + 

green trans-(Cr(OH2)4Clp)C1~2H20 --+ 

In  all cases, the chromium compound, as a solid or in con- 
centrated solution, is in the bulb which was broken to in- 
itiate the reaction. 

TABLE I 
I‘ALUES OF AH FOR THE REACTION t?ans-CrClS+ -+ 

CrCl++ + C1- 
Catalyst: ~ 0 . 0 0 2 M C r + + ;  T = 2 3 . 5 *  I o  

“chromite” (0.034 M )  + 3C1- (in base) 

trans-Cr(OH2)rClzf (0.034 &I) + C1- (in acid) 

“chromite” (0.034 1 4 4 )  + 3C1- (in base) 

( d )  

(e) 

(f) 

: :ean value Initial concn., moles/l. A H  
of I’L (HC10,) (trans-CrClr’) (kcal. ) 

0.136 0.02 0,0551 -5.69 
.145 .02 .061 -5.55 
.186 .10 .042 -5.90 
.212 ,105 .053 -5 .58  
,254 ,107 ,0725 -5 .63b  
,270 . l o 6  ,080 -5.70 
.459 .10 .174 -3 .81  
.655 .10 ,0653 -5.43h 

1 . 0 1  .10  .122 -5.52 
1.015 .10 ,1745 -5.27 
1.11 .10 ,0632 -5.37 
3 .46  .50 .079 -5.22 
3 .49  .50 ,096 -5.39 
1 . 4 7  -09 ,0821 --4.34 
5.16 .50 .086 -4.87 
5 .18  .50 .090; -5, llb 

a The ionic strength on the molar concentration scale is I .  
I’ The average value of AH from the results of two very 
similar experiments. In  each case, the two values which 
are averaged are within 2 7 ,  of one another. 

chlorate). The observed values of AH (in kcal./miAe) for 
reactions a ,  b, e and f in the absence of added sodium per- 
chlorate are -5.25, -25.91, $0.70 and -31.30, respec- 
tively. The observed values of AH (in kcal./mole:m for re- 
actions a ,  b, c, d, e and f in the presence of added sodium 
perchlorate are -5.47, -25.g9, -10.82, -32.01, +1.60 
and -30.92, respectively. It is worthy of note that  the four 
sets of “chromite ion” experiments were run in duplicate 
with agreement to 0.67, or better in each pair despite the 
indefinite nature of the “chromite ion” formed. The 
values of A H  for the solution of ( C ~ ( O H ~ ) ~ ) C ~ B ( S )  and (Cr- 
(OH2)1C12)Cl.2H20(s) (reactions c and e)  have been deter- 
mined by RecouralB to be -12.0 and 0.0 kcal./mole, re- 
spectively. 

One calculates for the value of AH for the conversion of 
li.ans-CrC12r to  “chromite ion” -32.0 and -32.E~ kca1.i 
mole a t  the low and high values of the electrolyte concen- 
tration, respectively. The derived values of AH for the 
conversion of Cr(OH2)6+++ to “chromite ion” are -20.61 
kcal./mole a t  the low electrolyte concentration and -20.5 
and -21.2 kcal./mole a t  the high electrolyte coricentra- 
tion. (These two values are independent, being derived 
from the pairs of reactions b-a and d-c.) The derived 
values of A H  for reaction 2 are calculated to -11.33 kca1.i 
mole a t  the low electrolyte concentration and - 11.6s kcal.:’ 
mole a t  the high electrolyte concentation. RecouraL6 has 
obtained a value of -9.4 kcal./mole for the heat of this rc- 
action from values of the heat of precipitation of chrmnium- 
(111) hydroxide from solutiolis of Cr+*- and CrClz+. 

Conclusions 
It is of interest to  compare the values of AH for 

the successive replacement of water molecules in 
the first coordination sphere by chloride i0.n. At 
J g5.1  and -25”, the values of AH are S 6 . 6  * 
0.5 and +5.0 =t 0.2 kcal./mole for the formation 
of CrCl++ and CrC12+, respectively, each being 
formed from the species with one fewer chloride 
ion. A value of +6.0 kcal./rnole can be ohtained 
for the value of AH” for the conversion of CrCl++ 
into CrC12+. 

The authors wish to  acknowledge the assistance A total of 20 successful calorimetric experiments, each 
involving approximately 11 mmoles of chromium(III), have 
been run on these reactions. The concentration of perchlo- 
ric acid or sodium hydroxide (whichever is appropriate) is 

a high electrolyte concentration exists (5.0 118 sodium per- 

of Professors Paul Bender and z 2. Hugus ill Plan- 
ning the design of the calorimeter. 
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RECEIVED AUGUST 12, 1957 

The rate of exchange of chromium(I1) and the inert monofluoride, -chloride, -bromide, -thiocyanate and -azide Icomplex 
ions of chromium(II1) is the subject of the present paper. The observed “electron-transfer’’ reactions of chron ium(I1) 
and the chromium(II1) complexes preserve the inert chromium(II1) complexes and thus occur via transition s ta t€  s which 
involve the complexing anion as a bridging unit between the chromium(I1) and chromium(II1) atoms. The observed 
temperature coefficient of the rate of exchange of C r + +  and C r F + T  allows the calculation of the values 13.7 kcal. and -20 
e.u. for AH* and AS+. Limited experimental data suggest the exchange of Cr++  and CrNg+.. proceeds > l o 4  fcld more 
rapidly than the exchange of C r + + a n d  CrNCS++. The latter exchange reaction, unlike the other exchange reactions, is be- 
lieved to occur either in two steps or via a transition state in which the chromium atoms have a coordination number of less 
than six. 

The influence of specific anions on the rate of ex- 
change of metal atoms between two different oxida- 
tion states of the metal in aqueous solution has been 

(1) Supported in part  by a grant from the  United States Atomic 
Energy Commission. 

(2) Iron(II)-iron(III): (a) J. Silverman and R. W. Dodson, J .  P h y r  
Chem., 56, 846 (1952); (b) J .  Hudis and A. C. Wahl, THIS J O U R N A L ,  

76, 4153 (1953). 
(3) Thallium(1)-thallium(II1): (a) R. J. Prestwood and A.  C. 

investigated lor several elements.2-5 The role of 
Wahl, i b i d . ,  71 ,  3137 (1949); (b) G. IIarbottle and R .  W. Dodson, ibid.. 
73, 2442 (1951). 

(4) Cerium(II1)-cerium(1V): (a) J. W Gryder and R. W. Dodson, 
ibid. ,  73, 2890 (1951); (b) H. C. Hornig and W. F. Libby, J .  Phys 
Chrm.,  56,  869 (1952); (c) F. R .  Duke and F. R. Parchen, THIS 
J O U R N A L ,  1 8 ,  1540 (1956). 

( 5 )  ~uro~ium(II)-europium(III): D. J .  hleier and C. 5,.  Garner, 
J .  Phys. Chem.,  66, S53 (1952). 
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the anions is not completely understood; the in- 
corporation of an anion into the transition state 
lowers the otherwise high positive charge on the 
transition state and thus would increase its stabil- 
ity. The form of the rate law does not, however, 
establish the geometry of the transition state. 
In particular the question oi whether the anion is 
present as a bridging group in tlic transition state, 
i.e. [M-X-lI ']*, or is located in some other posi- 
tion is not answered for thosc systems2-> in which 
the metal ion-anion associcttion reactions occur 
rapidly. The observed exchange of chroinium- 
(11) ion and riionochlorochromium(II1) ion can 
occur only via a chioridc-bridged transition state 
[ -Cr - - C1- - Cr-+*]+ 6 Any other transition state 

for "electron-transfer'' with a configuration in which 
the chloride ion is not bonded to both of the chro- 
mium atoms is a transition state for the net clieini- 
cal change7 CrCl++ -+ Cr++.+ + C1-. In addition 
to extending the study of the exchange of Cr ++ aild 
CrCl++, the present paper deals with the ex- 
change of CrT+ and CrX++,  where X- = F--, 
Br-, S C S -  and Ka-. These CrX+'- species, like 
CrCl++, are inert arid thus the observed appear- 
ance of the chromiuni tracer, iriitially present as 
Cr++, in the CrX++ fraction denionstrates that  a 
bridged transition state also accoiiiplishes "elec- 
tron-transfer" in these systems. 

Experimental Methods 
Reagents.-CoiiductiviCy water has bccii uscd in thc 

kinetic studies; i t  is prepared by redistilling ordiiiary labora- 
tory distilled water from ai1 alkaline perinangaiiate solution 
using a Barnstead still. 

Chroniium(II1) perclilorate has been prepared by the rc- 
action of chromium trioxide with formic acid in the  preseiice 
of excess perchloric acid. The product is twice recrystallized 
from 0.10 i W  perchloric acid. 

Lithium perchlorate, which is used to maintain a constaiit 
ionic strength, has been prepared by the reaction of pcr- 
chloric acid with lithiuni carbonate. The product is twice 
recrystallized froin conductivity water. 

The solution of chrorniurn(I1) perchlorate has been prc- 
pared by the electrolytic reductioii of a solutioii of chromiuin- 
(111) perchlorate in 0.10  if perchloric acid.s I h r i n g  thc 
electrolysis, the solution is kept under an inert atmosphere 
(carbon dioxide or nitrogen). The clirorniuin(I1) solutio11 
is stored in a scaled vessel iiiidcr aii  excess pressure of puri- 
iicd iiitrogcii. The storngc vc 1 is ii rouiicl bottonietl 
ilask, tlie neck of n-liicli is sealed to  a scctiou of a gi-atlu:tteil 
pipet. ?'he vessel is sealed ti-itli a V ~ C U U I I I  stopcock. The 
wlutioii of clironiiuin(II) ioii i n  0.10 .Zi perchloric nciti 
stored in this niaiincr is stable over ;i period of three riioiitlis. 

The reagents used iii the preparatioiis described aho\.e 
ant1 in the rest of this work were of reagent grade 
quality. 

Traces of oxygen were rcinovetl from tank carboii dioxide 
and nitrogen by passing the gas through an acidic solution 

v \/ 

/\ /\ 

of \~anadiurn (11). 
The Cr51 tracer is obtained from the O'ik Ridge Satio!,:ll 

1,aboratory in the form of a solution of chromium(II1) cl~lo- 
ride in hydrochloric acid. Ttie trRcer is converted to chro- 
~ n i u i i i  trioxide by funiirrg iti nitric acid :tiid then by furnitig 
111 perchloric acid in wliich tnciiiuin chromium trio.xirIc is 
iiisoluble. The chrorniuni trioxide is washed with 72% per- 
chloric acid anti then dissolved ~ I I  water. The  solutioii of 
rlirornic acid obtained is retluced to  clirotniuiri(I11) with ex- 
r e ? <  hydrogeii peroxide, the excess of ivliich is decomposed 
IJ>- tlic iiisertioii of a sinall piece of platitiizcrl platinuiii into 

~~~ 

1 11. 'l'au!ie ani1 H. I,. Kinx, 'l'rrrs J O I . K N . A I  

) Water nir)lecules in t h e  l i n t  codri l inat  
gvti<,ral, be shown. 

( 6 )  R. Platt  and F. Sornmer, IIciu. Chim.  ; I c l a ,  25, 084 (1912). 
(9) I.. Meites and T. hleites, A n o l .  C h c n . ,  20, 084 (1948). 

the solution. In the preseiit excliaiige cxperiiiieuts, tlie 
cliromitim tracer is always initially in the form of chrorniuni- 
(11) ioii, tliis oxidation state being produced by the electro- 
lytic procedure already described. The measured values 
of the half-life for tlie radioactive decay of the two sa~iiplcs 
of tracer used in this work are 28.r and 27., days. Tliese 
values agree well with the reported \ d u e  of 27.8 + 0.3 
dayr.10 

Solutions containing chroniiuin(I1I) coniplexcs of fluoride, 
chloride, bromide and thiocyanate are prepared by heating 
clirorniuin(II1) and the appropriate anion in dilute per- 
cliloric acid, a procedure which is unsuccessful witii tlic more 
basic azide ion. ~Ionoaz idochromiun~(IJ I )  ioii is prepared 
by t!ie reaction of chromiuni(I1) and iron(II1) azide com- 
plex(es) iti -0.3 ,I;r azide ioii in dilute perchloric acid solu- 
tion"; thereafter hydrogen peroxide is added to  oxidize 
the iroii(l1) which is formed. The desired complex of 
c!i;irge +2 is, in each case, separated from other cliroiniuiii- 
(111) complexes and aquochrorniuiii(II1) io11 (or iron(lI1) 
ioii) preseut in the preparation by the use of a ihivex-50 
cation excliangc resin method, which has bccri denioiistratcd 
to be effective for the cases S- = C1-, IT-, IJr- ant1 SCN-.. 
1 l i c  clipositive complexes are clutetl Tvitli 1 .I1 perchloric 
x i d  after the colunin has been washed free o f  species of 
lower cliarge \vitli 0 . i  percliloric ncitl; I1 
iiiiuui(l1l) io:i of cliarge i . 3  is not eluted by 1 
acid. ?'lie stock solutions of each coinplex ;ir 
:ipprcciabie aquation has occurred. 

Analyses.-~-The coiicetitratioii of tlic cllroniium(II1) coin- 
plcx i i i  each stock solution is assunietl to be equal t u  the total 
coiiceiitratioii of chroniium in tlie solutioi~. Thc latter is 
obtained by oxidizing tlic chromium present to cliroinatc 
ion iii al'aaliiie solution using hydrogen peroxide. T h e  
cliroxnatc coiiceiitratioii is measured with a Becknian DU 
sl)cctropliotoiiieter; an absorbancy index of 4830 a t  a wave 
leiigtii of 3 i 2  mp is used.l* 

The clirotniuin(I1) conceiitratioii of the stock solutioii 
cnrichcd with tracer is nieawred by the reactioli of cliro- 
riiiuni(I1) wit11 excess staiitlard iodiuc solutioii; a back ti- 
tratioii is performed using standard thiosulfate solution. 
A11 other analyses have been performed by tlie customary 
procedures. 

Experimental Procedure .---The reaction vessel is a 250- 
~iil.'tliree-necked flask similar to that  used by Antlcrson anti 
Boiiiicr.13 Prior to the start of a run, the chromium(III) 
complex in 311 aqueous solutioii of perchloric acid and lith- 
ium perchlorate is added to  tlie reaction flask. The  flask 
is immersed in the constant temperature bath and l-lushrtl 
out ivith purified carbon dioxide for about 1.5 liours; a? 
least twice during this period the flask is sealed, evacuated 
and thcii refiller1 with carbon dioxide t o  continue the flusli- 
ing. Subscquei:tly, a rneasureri aniount of cliromiuiii(iI 1 
solution is added to  the vessel and tlic run coinnieiiccd. 'I'l~e 
iiask is either sealed uiiclcr excess pressure or the ilushiiig 
is cniitiiiued aucl the outlet gas passes through a tiiercurs 
trap to ensure tha t  a pressure in excess o€ otie a tn~ospl~crc is 
n~aititained iiiiicie the rcactioii wssel. Tlie aliquot> are 
h1nn.n out a t  appropriatc tiine intervals. 111 the  raw of 
tlic exl)cr i~r ic~~ts  iisiiig the cliloridc a11d broniidc co~i t l ) lc~c . \  
of cliroiiiiuiii(1i I ) ,  tlie rcactioii aliquots are quc~~clicti  \ \ i t 1 1  
r \cess  iroii(i11,. In the casc of ail other runs, t h e  reactioii 
aliquots arc qucnche~l ivith a strenrli o f  oxygen. Iron(ll1 ) 
very rapidly oxidizes chromium (11) to Iicxaaquochro~nili~n- 
(111) ion; oxygen rapidly oxidizes chroxniunl(I1) to  a poly- 
meric form of cliromiuni(II1) which is believed to  ]lave 3 
cliarge of plus four." 
X ~ I ~ O W I I  amount of "untagged" chronlium(II1) complex 

quenched aliquot and 50 to  8076 of the corn- 
from the higher charged chromium(II1) 

The eluted chromiui~i(III) species 
n peroxidc in alkaline solution to 

chromate ion. Tliis solution is analyzed spectrophoto- 
metrically to permit a calculation of the fraction recovery 
from the ion-exchange scparation. An aliquot of t h e  chro- 

,. 
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mate solution is acidified to a pH of ca. 2.5;  the chromium 
is precipitated as lead chromate and mounted on filter paper 
discs; filtration is performed using glass filter chimneys of 
standard diameter (27 mm.).  The lead chromate is washed 
with a 50-50 mixture of t-butyl alcohol and methyl alcohol 
and dried in air prior to mounting on a square of cardboard 
under a strip of Scotch tape.lj 

The mounted sample is inserted under a thin window 
Geiger-Mueller tube for counting. The corrected counting 
rate and the data obtained previously permit the calcula- 
tion of the specific activity of the chromium(II1) complex. 
The “infinity value” for the specific activity is determined 
by calculation using the known specific activity of the chro- 
iniuin(I1) in the stock solution and the known concetitra- 
tions in the reaction solution. 

Experimental Results 
In  general, the results of each experiment in 

which a nieasurable rate of exchange is exhibited 
conform to the equation 
- I n  (1 - x / r c m )  = Rt [ (Cr++)  + 

( CrX ++)I /(Cr + +)(CrX ++) 

where x is the specific activity of the Cr complex 
and a forihula in parentheses, is molar concn. of the 
species; that is, plots of the logarithm of the quan- 
tity (1 --fraction exchange) versus time are linear with 
zero intercept.16 That R, the rate of exchange, is 
proportional to  the product (Cr++) (CrX++) has 
been demonstrated for the fluoride and chloride sys- 
tems; the exchange reactions in the other systems 
are assumed to be second order. Values of the 
concentration conditions and the second-order rate 
constants (calculated using the equation k = 
R/(Cr++)(CrX++)) are present in Table I. The 
lower limits for the rate constants for the exchange 
of Cr++  and CrBr++ or CrN3++ have been cal- 
culated uncler the assumption that the observed 
exchange is not induced during the quenching pro- 
cedure. 

The temperature dependence of k for the ex- 
change reaction involving CrF++ allows the cal- 
culation of the values of A H *  and AS* which are 
13.7 kcal. and -20 e.u. It is particularly inter- 
esting to note that  the value of the entropy of acti- 
vation for the exchange of FeF++ and Fe++ (AS* 
= -21 e.u. a t I  = 0.5) foundbyHudisandWah12bis 
essentially equal to the value found in the present 
work for the exchange of CrF++ and Cr++  (AS* 
= -20 e.u. a t  I = 1.0). Since the transition state 
for the chromium exchange reaction involves the 
fluoride ion as a bridge, this result suggests, but 
does not prove, a similar geometry for the fluoride- 
containing transition state for the iron exchange 
reaction.17 

(15) This procedure was developed by Dr. Carl Altman of this 
Laboratory. 

(16) I n  approximately 10% of the  experiments, the  “best” straight 
line through the  first few points does not go through the origin but  
rather corresponds t o  up  to  as  much as  15% exchange a t  I = 0; the  
cause of this has not been investigated. In approximately 25% uf the  
experiments, there is some curvature in the  line for the  latter part  of 
the  run. In determining t h e  ra te  of exchange for such experiments, 
the  straight line is drawn through t h e  early points. 

(17) The strength of this argument is somewhat weakened b y  the  
apparent insensitivity of A S t  for iron exchange reactions on the  nature 
of the iron(II1) species from which the  transition state is formed. 
T h e  transition state containing F e  + + and either F e  + + +, FeOH + +, 
F e F + + ,  FeCl++,  F e F i +  or FeClr+ are formed from these ions in a 
medium with I = 0.5 with a value of AS$ = -22  & 2 e u .  (Hudis 
and Wahl, ref. 2b). T h e  direct comparison of the  iron system and  the  
chromium system involves the  assumption tha t  the  variation of AS$ 
with ionic strength in the  range I = 0.5 t o  Z = 1.0 is small. The 
values of the  entropies of dilution of various strong electrolytes in this 

TABLE I 
KINETICS OF THE EXCHANGE REACTIOX 

€3 €3 
C r X + +  + C r + +  = C r X + +  + C r + +  

I (the ionic strength) = 1.0 (LiC104 is added inert salt) 
Temp., 

o c .  

0 
27 
43 

0 

0 

-24 
27.0 

0 

- ,  
(CrX +a+) (Cr + +) 

( H + )  X 10 x 103 
X- = F- 

0.93 6 . 4  6 . 9  
.97 3 . 3  3 . 5  
.97 3 . 1  3 . 6  
.95 5 . 0  7.4 
.99 5 . 3  0.88 
.95 0.50 7 . 3  
.10 3 . 2  3.7  

x- = c1- 
0.95 0.23 0.11 
0.97 .47 .072 

.8S .28 .072 

.82 .47 .21 

.29 . 15 .098 

.29 .31 .10 

.28 .14 .2G 

.27 .2x .077 

.054 .28 .074 

.062 .47 .27 
,057 .055 .51 
.072 .OS5 .49 
,057 .28 .28 

X- = Br- 
1 . 0  0.42 1.1 

x- = NCS- 
1.0 9 . 6  6.7 
1.0 8 . 7  4.9 

X- = Na- 
1.0 1 . 8  3.8 

2 .5 ,  x 10-3” 
2.64 x 10-za 
8 . 8  X 
8.5 X 
9.3 x 10-2 

10.2 x 10-2 
8 .4  X 

11. 
11. 
7 .0  
7 .2  
9 . 7  
8 . 2  
0 . 2  
7 .3  
7 . 7  
8 .5  
10.3* 
11.2 
9 .7  

>60” 

1 . 2  x 10-4 
1.8 x 10-4 

>1 2 d  

This value is the average of the values obtained in two 
duplicate experiments; the two values agree within less than 
795. An experiment which duplicated this one yielded a 
value of k which is approximately 60% greater than the 
average value of k; this value was not used in obtaining the 
average. I n  this experiment, exchange is essentially com- 
plete at the time of removal of the first aliquot (25 sec.). 
I t  is assumed that  exchange is >0070 complete at this time 
in the calculation of this lower limit for k. I n  this expcri- 
ment, exchange is essentially complete at the time of re- 
moval of the first aliquot (330 sec.). It is assumed that  ex- 
change is > 9 0 ~ 0  complete at this time in the calcu ation of 
this lower limit for k .  

The contrast in the tentatively established ,rates 
of the exchange of Cr++ with CrNCS-”+ and 
CrN3++ is marked, differing by more than lo4- 
fold.18 This undoubtedly is related to  the un- 
symmetrical nature of NCS- in contrast to the 
symmetrical nature of NNN-. The exchange of 
CrNs++ and Cr++ can be accomplished via the 
same ionic strength range suggest tha t  the  correctioc might amount to 
as  much as - 3  t o  - 4  e.u., this figure t o  be added t o  the  value: -20 e.u. 
for the  chromium reaction. 

(18) Dr. Kenneth Schug has performed some additional experiments 
which demonstrate t h a t  thiocyanate ion does not effectively fill the  
role of a bridging group for the  “electron-transfer” between chromium- 
(11) and chromium(II1). I n  an  experiment a t  (Cr++)  = (CI(NCS)Y+) 
= 0.008 M ,  0.001 M HCIO,, less than  1% of the  dithiocyanatochro- 
nium(II1) ion aquates in ten minutes a t  room temperature, as judged 
by the  absence of detectable free thiocyanate ion. 
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symmetrical transition state 

in which each chromium has coordination number 
six. On the other hand, the unsymmetrical transi- 
tion state for "electron-transfer" 

[><+ S--Cr ~~ - 1  j\/ /' ,, 1- 
leads to products, Cr-+ and CrSCS'+, which are 
less stable than the reactants Cr+- and CrSCS++.  l 9  

The necessarily symmetrical reaction pathway for 
the exchange of Cr++ and CrNCS+T ttia such a 
transition state would involve the tn-o steps 

CrSCS-"  + Cr-+'- -+ C r -  
Cr:;C>: - +  + C r - .  .- Cr- -  .- L Cr.\-CS 

t CrSCS - ' 

the intermediate CrSCN++ being present a t  a ver!- 
low relative concentration.'!' The transition state 
involving chromiumiII1)-sulfur bonds is expected 
to  be less stable than one involving only chro- 
mium(II1)-nitrogen bonds (i.e., the transition state 
for exchange in the azide system) since the specie; 
involving chromium( I11 )-sulfur bonds are less 
stable than species involving clironiiurri(III)-~- 
nitrogen boiltls. The synniietrical transition state 
for "electron transfer" 

is sterically impossible if 12 = 3 and has a high 
energy if n < 5; thus exchange niu this transition 
state is expected to be slow. IX'hich of these two 
possible mechanisms is the mechanism for the ex- 
change of Cr++ and CrSCS+-- is not known. It 
is not surprising, however, that  this exchange is 
slower than the exchange of Cr--+ and CrX3'-+. 

The low rate of exchange of CrNCSi+ and Cr+T 
is to  be contrasted with the greater rate of the re- 
action of (H3N)5CoNCS+: and Cr++, which also 
produces CrNCS++ as the final product.2o This 
oxidation reaction, unlike the exchange reaction, is 
accompanied by an appreciable decrease in free 
energy; one might expect tha t  the transition state 
for the production of the unstable intermediate 
CrSCN +T would, therefore, have a lower free en- 
ergy relative to  the reactants. 

Of the exchange reactions studied, only the ex- 
( 1 Q j . Y  Saito, \-, Takeuchl  and R Pepinsky i Z .  Krz i f  , 106, 470  

(1985)) find tha t  t he  nitrogen end of thiocyanate ion is bound t u  
chromium(lI1) in the  compound NHliCr(NCS)c(?;Ha\*l' '/aH?O I t  
is assumed t h a t  t he  same contipuratinn is predorninontl) Ixe-pnl i n  

t h ?  . I r j uo th io~yana tochrom,"m~l l l !  i u n s  
~ 2 0 ~  €3 'rCiuLe, T H I S  jo11~1.41.. 77, -1481 {I!J:,X 

change of CrSCS-+ and Cr++ proceeds a t  a rate 
comparable to  the rate of the exchange of the 
aquoions in the same reaction medium. In  the 
thiocyanate exchange experiment, run a t  2To, the 
half time for exchange is -78 hours; under the 
same concentration conditions, the haif-time for 
exchange of the ayuo ions is -52 h o ~ r s . ' ~  In this 
particular experiment involving CrKCSS'T, the 
reaction was followed for 90 hours and showed no 
evidence of the induced ayuation which would oc- 
cur if "electron-transfer" occurs between CrKCS+-+ 
and Cr++ in any way other than tlia a thiocl-anate- 
bridged transition state. There are two probable 
reasons for the absence of induced aquation: (1) 
the exchange of the aquoions in 1 ,If perchloric acid 
goes predominantly ilia a hydroxide ion-containing 
transition state; the presence of the thiocyanate 
anion would undoubtedly lower the stability of the 
hydroxide ion-containing transition state, and 
( 2  I a transition state for "electron-transfer" be- 
tween CrXCSd-" and Cr--+ which is not a thio- 

nnte-bridged transitiun state produces chro- 
rnium(IIj and thiocyanate ion in intimate contact 
Trith one anotlicr; in the absence of evidence for 
appreciable association of thiocyanate ion and 
chromiuin(I1) ion, it is assumed tha t  such a con- 
figuration is unstable and the transition state pro- 
ducing it is expected to  be relatively unstable.21 

The absence of a hydrogen ion dependence of the 
rates oi the exchange of Cr++ with CrF++  and 
CrCl+ is to be noted as is the agreement of the 
\-dues of the rate of exchange in the chloride sys- 
tem a t  0" observed in the present work (k = 9.1 + 
1 moles-' 1. set.-') and in the earlier study6 ih = 
8.3 f 2 moles-' 1. sec.-l). 

The exchange of chrornium(I1) and chromiuni- 
(111) in perchloric acid solution proceeds very pre- 
dominantly ilia a transition state involving hy- 
droxide ion.I3 This transition state and the much 
less stable transition state of charge +.7 contain- 
ing no hydroxide ion may involve oxygen bridging 
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-Assuming this to be the case, i t  is of iriterest to 
make a provisional arrangement of the bridging 
groups in order of their efficiency in facilitating the 
"electron-transfer" between chroniium(I1) and 
chromium(II1). This order is: Br-, N3- > 
C1- > OH- > 1'- > SCS- > H?O. 
l l e D I s o Y ,  ~ ~ l S C 0 S S I S  
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