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solvent as the dipositive ions approach should be
similar for the two systems. It is tempting, there-
fore, to ascribe the much larger negative value cb-
served for (NH;);CrBr++ + Crt+ to the circum-
stance that much more specific requirements are
placed in this system on the motions of the groups
in the first codrdination sphere for each of the ions,
There is, first of all, a considerably larger change
in the dimensions of the coérdination sphere for
each of the metal ions in the electron-transfer reac-
tion than in the substitution reaction. In addition,
if indeed motion of NHj; trans to Br, away from the
original Cr(III), and of H;O ¢rans to Br toward the
original Cr(II), simultaneous with transfer of Br is
required, a large negative entropy of activation for
system A as compared to B can be qualitatively
understood.

The data on spontaneous aquation are incidental
to the main purpose of the paper and in any event,
are of good quality only for RCI*+ and RBr*t.
A comparison with data of Freundlich and Bar-
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tels,!” obtained by a less direct method, is here
appended

k, at 25°
(O.and T.) (F. and B.) B
RE*++ 0.7 X 10°% ... 28
RCI+* 4.2 X 10+ 5.8 X 10—+ 24.0
RBr 4.3 X 103 3 X 108 24.5
RI++ 4 X 10~2 1 X 10-2(at 0°)
w=1.1 u not defined; but note

that Kl is probably not
very sensitive to u
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A Calorimetric Determination of the Values of AH for Certain Chromium (IIT)—Chloride
Complex Ion Reactions!?
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Tlie values of AH for the complex ion formation reactions, Cr(OHz)et++ + Cl= = Cr(OHy),Cl*+ 4 H,0 aud Cr/OH,):-
Cl++ 4 Cl~ = trans-Cr(OHy) Cl;* 4 H,0, have been determined by calorimetric measurements to be +6.6 == 0.5 and 4-5.0

=+ 0.2 keal., respectively, at a value of 7 22 5.1 (I = ionic strength) at approximately 25°.
tion is studied directly in experiments in whicli chromium(II) acts as a catalyst.

The reverse of the second reac-
The value of AH for tlie first reaction is

obtained from the appropriate combinations of observed heats for the second reaction and the heats of conversior. of Cr-

(OHj)s* T+ and trans-Cr(OH,)4Cly* to ''chromite ion.”

The chromium(III)~chloride inner-sphere com-
plex ions which involve one and two chloride ions
are inert species®; this makes possible the prep-
aration of solutions containing single chromium-
(IIT)-chloride species. In particular, a solution
prepared by dissolving solid green chromium-
(III)—chloride, ((Cr(OH;):Cly)Cl-2H,0) in dilute
acid contains, at the time of preparation, traus-
dichlorotetraaquochromium(III) ions as the only
chromium(III) species.* Despite its general in-
ertness, this ion undergoes certain reactions
rapidly; such reactions are, therefore, amenable to
direct calorimetric study. If treated with a trace
of chromium(II) perchlorate, the reaction

trans-CrClyt = CrCl+* 4 Cl- (1)
occurs, a chloride-bridged state

N % i ‘
[Cl—Cr---Cl---Cr+3-] * providing the reaction path-
VN VN

transition

(1) Presented in part before the 129th National Meeting of the
American Chemical Society, Dallas, Texas, April 12, 1956.

(2) This work was supported in part by grants from the United
States Atomic Energy Commission and the Research Committee of
the Graduate School, University of Wisconsin.

(3) The terms '‘inner-sphere' and ''inert' are used in the sense
suggested by H. Taube (TH1s Journal., T8, 1463 (1953); Chem. Rers.,
80, 72 (1952)); an inner-spliere complex is one in which the ligand is
Lunded directly to the central metal atom, and an inert complex is one
in wlhich metal-ligand bonds are made and broken slowly.

(4) E.L. King, Sr. M. J. M. Woods, O. P. and H. S. Gates, forth-
coming publication.

way.56 In general, chromium(III) complex ions
are rapidly converted by excess hydroxide ion to
soluble '"chromite ion" the nature of which is not
well understood. If, however, the same species or
the same mixture of species is produced in the re-
actions of hydroxide ion with hexaaquochromium-
(III) ion and with trans-dichlorotetraaquochro-
mium(III) ion, the observed heat effects for these
two reactions allow the calculation of the value of
AH for the reaction

trans-CrCly* = Cr*++ 4 2C1- (2)

Experimental Details

The Calorimeter.—Tle solution calorimeter employed in
this work consists of a cylindrical Dewar flask of 400-ml.
capacity with an evacuated ground joint cover; tle flask
coutains a stirrer, a lieater (ca. 80 ohms of No. 32 Nylou
covered manganin wire), a resistance thermometer (ca.
80 ohms of No. 40 Formvar-coated copper wire) and a rod
for mounting the sample bulbs. Tlie heater and thernionie-
ter are contained in the annular space of a double-walled
cylindrical copper stirring well which is painted with glyptal
and coated with paraffin wax. The Dewar flask ar.d cover
are immersed in a large constant temperature bath maiu-
tained at 27.0 == 0.005° during the calorimetric experiments.
The heat capacity of the filled caloriineter is about 450 cal./
degree.

(8) H. Taube and M. Myers, Tins JourNal, T6, 2103 (1051).

(6) In general, tlie water miolecules in the Orst codrdinstion spbere of
chromium(ITI) will not be shown; presumably chromium(111) ex-
hibits cosrdination number 6 in all of the species under consideration
here.
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A Mueller bridge (Leeds and Nortlirup No. 8067) is
used to measure tlie resistauce of the copper resistance
thermometer, and a potentiometer {Rubicon Type B, with
volt box) is used to uteasure tlie porential supplicd to the
calibration lieater by a series circuit of seven low-discliarge
storage batteries (Willard Type DD-5-1). A d.c. galva-
nometer {Leeds and Nortlirup No. 2430) is used as a null in-
strument in each type of measurement. The clectrical
calibration periods are timed by au electric tinter +Stadard
Electric Time Co., Type SIA) couected to tie output fron
a frequency standard (Anterican Tie Products, No. 2005},
The estimated uncertainties in the measured values of the
poteutial, tlie temperature aud tlie duration of the ¢lectricd
lieating periods are ==0.01 volt, =40.0005°> and =0.02
secoud, respectively. In tlie preseut experimenrs, the
quautity with the greatest relative uncertainty is the tem-
perature.

Tlie amount of hieat accompanying a given reaction is de-
termined i1 the usual way by coniparing tlie chiange in re-
sistance of tlie thermometer during the electrical calibration
aird thie reaction periods. (Tlie results are given in tlherimo-
chemtical calories, 1 cal. = 4.1840 joules.: Thie mugnitude
of the resistance clianges in the calibration aud reaction pe-
riends are made nearly tlie sante; a calibration is generally
varried out botlt before and after the cliemnical reaction,
siice it is observed that the calibration factor (energy input
-+ change in thiermoweter resistance is a niild linear func-
tion of the temperature within the cidorimeter {ca. 4+ 1%
per degreei.

In cacht calorimetric experiiment, the initial temperature
of the solution i tlie calorinieter is several degrees below
the temperature of tiie thiermostar; at tle end of au experi-
ment tlie temmperature is generally still one degree below the
temperature of the thermostat.

Two reactions werc studied to provide a chiemical calibra-
tiont of the calorimeter.  Mceasurements of the heat evolved
npon dissolving mugnesinm ntetal v 1.000 A7 hydrochloric
acid gave values i the range 1082 to 112.8 keal./gram
atour of magnesiuin in five experintents in whicli approxi-
mately 300 cal. were evolved™; a correction was made for tlie
heat effect associated with vaporizatiou of water accoipany-
ing tlie hydrogen evolution.® {Less reliable values of —102
and —114 kcal./gram atom were obtained for tlie value of
AF in trial calibration experimments,) A value of —111.82
Leal.‘gramn atom has beeu reported for tlhis reaction.®

It a series of seven experiments involving smaller amounts
ol lreat liberated per experintent (20-60 cal.), the lieats of
ditutinn of small amounts (1-3 ml.) of 4 M sulfuric acid
into 400 wl. of water were found to agree, with an average
deviation of 2.47, with values calculated fromn data i thwe
literuture.®

Reagents.--Solid green cliromium(IIT) chiloride hydrate
1 Cr(0OH:),Cl)CL2H,0) which is used in tliese experinients
wis obtained in several different ways,  The componnd
was prepared from chrondwmu(VI) oxide and hydrechiarie
acirl aind was also obtained as a reagent grade chenticid from
several manufacturers; while wost of the experiments re-
Ported here lave becan performael nsing thie contmercingly
available matertal which hind bBeen reprecipitated from eold!
concentrated hyvdmchlorie acid saiution by the additios of
livdrogen chloride gas, the resudts of calorinietiiic experi-
ments using tlie material front the other sourcves e the
<tme. The (Cr{OH2)ClHClL2H,0 was stored in a desicea-
tor over 809, sulfuric acid® and was rransferred to the sample
bulbs in a dry box.

Solid violet cliromiuni(III) chloride hydrate, which con-
tains the lexaaquochromiam(III) ion, was prepared by
addition of cold concentrated hydrochiloric acid to a cold
suturated solution of chironiiumn (I1I} perciilorate. The pre-
cipitate was washed with acctoue aud ether, aud storedl
aver 809 sulfuric acid.

Coucentrated solutious of sodinm perchlorate, prepared
by the neutralization of reagent grade perchloric acid with
reagent grade sodiun carbonate or sodiui liydroxide, were
used to adjust the value of electrolyte concentration of the
solutions used in the calorimeter runs.

{7} Somie of these experiments were performed by Mr. Patrick
Cullagher.

(8 C H. Shomate and E. ¥ Huffman, Turs Tournar, 6§, 1625
11943,

(Ul “Selected Vatues of Cbemical Thermodynamic
Vrcnlar No. 500, National Bureau of Standards, p. 41.
Cir10y N Bjerrum, Z. physik. Chem., §9, 336 (1907).
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Chromium{lI) perclilorate solutious were prepared by tlie
clectrolytic reduction at a mercury cathode of cliromium-
{111, iu perchiloric acid solution.!* The cliromium iu the
solutions prepared i this way remains in tlie reduced (+2)
state for many mouths {(in coutrast to cliromiumi(II) solu-
tious prepared by the use of amalgamated zinc).

The Nature of ‘“‘Chromite Ion.’—If a solution of a cliro-
wium (Il salt is treated with excess sodium liydroxide,
a green solution results. 1n general, a precipitate forms
and redissolves in tlis procedure. The chromiun(III)
species presettt in such solutious is referred to as ‘‘cliromite
ion,”" altliough its nature is uncertain. It has been re-
ported that ‘‘chromite ion'’ does not pass througl a semii-
peritieable membrane!? and this observation is confirnied
i thie present work.!?

Tlie absorption spectrumt of the chiromiun{lll; species
wlicl is present in alkali lias, in common with the spectra of
many otlier chiromium(III) species, two peaks in tlie visible
region. Traciugs of tlie speetrum of “‘clironiite ion'' pre-
pared in different ways were obtained using a Cary spectro-
pliotometer; the “‘chromite ioin'” solutions in 0.36 A7 sodium
hiydroxide were prepared using eitlier an acidic solution of
chromium(I11) perclilorate, solid wviolet Cr(OF;)}Cl;, or
colid green (Cr{OH:);Cl;)Cl,-2H.O. In tlie rauge 550 to
500 mi, tiie spectruint of the ‘‘chromite fou'" it eaclt of these
solutions was essentially thie same; thierc was an average

differennce of 1.87; between the individual values of i
(X b Xy = log L1 b = cell lengtly) measurcd at

10 1m1e intervals and che average valuc of @ at caclt of these
wave lengthis.  While this does not constitute proof that the
chiromite species are tlie sune regardless of whetlier the
chramimn(I11) was initially CriOH )™ 7 or lrans-CriOll),-
Cl; 7, neitier does it suggest that the caloriietric experinents
involving “‘clirontive ion’ ' are doouted to fail.

Experimental Procedure and Results for Reaction 1.
The value of AH for reaction 1 lias been dererntined in solu-
tions of varying electrolyte concentration. Ta do this, i
weighed portion of solid (Cr{OH,}CliC1-211.0 is first added
to tlie caloriineter vessel coutaining about 350 mi. of dilute
percliloric acid which contains sufficient sodiwin perchlorate
to give the desired electrolyte conceutration. This solution
is then deaerated by a stream of carbon dioxide which lias
been freed of oxygen by passing through a vanadinm(ID)
sulfate solutionn.l* As soon as a coustaut rate of tempera-
ture rise ts atiained, a small bulb contaiuing sul'ﬁcignt
chrontunn{IT) perchlorate to wake its final concentration
in the range 2 X 1074 to 2 X 1073 welar is broken agaiust
the bottown of the calorimeter vessel. The catalyzcd_rcxxc-
tion i= eowplete within 2 to 8 minutes after the addition of
the ehramimm(ID). It the calculation of a value of AT, a
enrrectinm is made for the 5 to 79% of the uncatalyzed reac-
tion 1 which occurs during the time interval (up to 20
minutes? between the dissolving of the wolid green cluro-
it (A1) eldoride and the addition of the catalyst. The
results are given i Table I for those experiments whiclt
witisfied two eriteria: (13 the visible absorption speetruin
of The final solution closely resemhled that of Cr{O11:),C1
van previously determined 3'® and (2) the time temperatnre
crrve from the calerhineiric rn sliowed @ steep tewmperature
rise npon addition of the catalyst and leveled off siarply
after tlie reaction period. .

Experimental Procedure and Results for Reaction 2. Six
reactions have been studied in order to evalnate AL/ for
reactinn Y at ~24°, These are

CrClOg; (284 A1) —>
CriClOy); (0.034 273 (in acidy  (a)

Cr(ClOy); (2.34 M} ——>
Schromite” (0.034 17 (in buse) 1h)

violet (Cr{OH;))Cly(s) ——>
Cr(OH)e ™™ (1034 M - 5CT {in acid s fe)

(11) R. Flatt and F. Sommer, Helv, Chim, A, 25, 0684 {1112}

{125 W. Fisclier and W. Herz, Z. anorg. Chem , 31, 352 {19023

{137 In an experiment with 0.03 A “chromite jvn’ and 0.36 37
sndium hydroxile dialyzing againat 0.3¢ 37 sodiam hydroxile, very
Little chrnmoumTIT! diffused thraugh the membrane {cellulnse dialyz-
g tubing?.
hivdroxide rapidly diffnzed through the membrane.

{14) L. Meites and 1. Moles, dual. Cher.. 20, (84 (18],

(15 M. S, (sates, Ph.D. thesis, University of Wisconsin, 1056,

In a similar experiment, chromate o 10 06 A cadhiym
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violet (Cr(OHz)Cly(s) —>
"'chromite” (0.034 M) + 3Cl~ (in base) (d)
green trans-(Cr(OH,)Cl)C1-2H,0 —>
trans-Cr(OH,)Cly ™ (0.034 M) 4 Cl~ (in acid) (e)
green trans-(Cr(OH,)Cl;)Cl.2H,0 —>
“chromite” (0.034 M) 4 3Cl~ (in base) (f)
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 1

VALUES OF AH ¥FoR THE REACTION {rans-CrClet —
CrCl*T* 4 Cl-

Catalyst: ~0.002 M Cr*+; T'=23.5%1°

! lean value Initial concn., moles/l. AH
of Ia (HC104) (trans-CrClz™) (keal.)
0.136 0.02 0.0551 —5.69
.145 .02 .061 —5.55
.186 .10 . 042 —5.90
L212 .105 . 053 —5.58
254 .107 0725 —5.63
270 .106 .080 —35.70
.459 .10 L1174 —3.81
.655 .10 .0653 —5.43"
1.01 .10 L 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
4.47 .09 0821 —~4.34
5.16 .50 .086 —4.87
5.18 .50 .0905 —-5.11°

e The ionic strength on the molar concentration scale is 7.
" The average value of AH from the results of two very
similar experiments. In each case, the two values which
are averaged are within 29, of one another.

A total of 20 successful calorimetric experiments, each
involving approximately 11 mimoles of chromium(III), have
been run on these reactions. The concentration of perchlo-
ric acid or sodium hydroxide (whichever is appropriate) is
0.5 M in each experiment and in some of the experiments
a high electrolyte concentration exists (5.0 3/ sodium per-
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chlorate). The observed values of AH (in kcal./mole) for
reactions a, b, e and f in the absence of added sodium per-
chlorate are —5.25, —25.9;, +0.70 and —31.3;, respec-
tively. The observed values of AH (in kcal./mole} for re-
actions a, b, ¢, d, e and f in the presence of added sodiuni
perchlorate are —5.47, —25.9,, —10.8,, —32.0;, +1.60
and —30.9., respectively, It is worthy of note that the four
sets of ‘‘chromite ion” experiments were run in duplicate
with agreement to 0.69; or better in each pair despite the
indefinite nature of the ‘‘chromite ion’' formed. The
values of AH for the solution of (Cr(OH,)s)Cls(s) and (Cr-
(OH,)sCl;)C1-2H,0(s) (reactions ¢ and e) have been deter-
niined by Recoural!® to be —12.0 and 0.0 kcal./mole, re-
spectively.

One calculates for the value of AH for the conversion of
trans-CrCl,™ to '‘chromite ion”’ —32.0 and —32.5 kcal./
mole at the low and high values of the electrolyte concen-
tration, respectivelv. The derived values of AH for tle
conversionl of Cr(OHy)gT T+ to ‘‘chromite ion’’ are —20.6;
kcal./mole at the low electrolyte concentration and —20.5
and —21.2 kcal./mole at the high electrolyte concentra-
tion. (These two values are indepeudent, being derived
from the pairs of reactions b-a and d-c.) The derived
values of AH for reaction 2 are calculated to —11.3; kcal./
mole at the low electrolyte concentration aud —11.6; kcal./
mole at the high electrolyte concentation. Recoural® has
obtained a value of —9.4 kcal./mole for the lieat of this re-
action from values of the heat of precipitation of chromiuiu-
(IIT) hvdroxide from solutious of Cr*~* aund CrCl, ™.

Conclusions

It is of interest to compare the values of AH for
the successive replacement of water molecules in
the first codrdination sphere by chloride ion. At

==5.1 and ~25°, the values of AH are +6.6 =+
0.5 and +5.0 %= 0.2 kcal./mole for the formation
of CrClt+ and CrCly*, respectively, each being
formed from the species with one fewer chloride
ion. A value of +86.0 kcal./mole can be obtained
for the value of AH® for the conversion of CrCl*++
into CrCl*.

The authors wish to acknowledge the assistance
of Professors Paul Bender and Z Z. Hugus i plan-
ning the design of the calorimeter.

(16) M. A. Recoura, Ann. chim. phys. [6], 10, 1 (1887).
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The Exchange Reactions of Chromium(II) Ion and Certain Chromium(III) Complex
Ions!

By DoNnaLp L. BaLL aAND Epwarp L. Kinc
RECEIVED AUGuUsST 12, 1957

The rate of exchange of chromium(II) and the inert monofluoride, -chloride, -bromide, -thiocyanate and -azide complex
ions of chromium(III) is the subject of the present paper. The observed '‘electron-transfer’ reactions of chromium(II)
and the chromium(III) complexes preserve the inert chromium(III) complexes and thus occur via transition states which
involve the complexing anion as a bridging unit between the chromium(II) and chromium(III} atoms. The observed
temperature coefficient of the rate of exchange of Cr*+ and CrF** allows the calculation of the values 13.7 kecal. and —20
e.u. for AH* and AS*. Limited experimental data suggest the exchange of Cr** and CrN; T+ proceeds >104 fcld more
rapidly than the exchange of Cr*+and CrNCS8*+. The latter exchange reaction, unlike the other exchange reactious, is be-
li}elved to occur either in two steps or via a transition state in which the chromium atoms have a codrdination number of less
than six.

The role of

Wahl, ibid., T4, 3137 (1949); (b) G. Harbottle and R. W. Dodson, ibid.,
73, 2442 (1951).
(4) Cerium(III)~cerium(IV):

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(Il)—iron(III): (a) J. Silverman and R. W. Dodson, J. Phys.
Chem., 56, 846 (1952); (b) J. Hudis and A. C. Wahl, THls JoUurRNaL,
75, 4153 (1953).

(3) Thallium(I)~thallium(III):

investigated [or several elements.?—3

(a) J. W. Gryder and R. W. Dodson,
ibid., T8, 2890 (1951); (b) H. C. Hornig and W. F. Libby, J. Phys.
Chem., 86, 869 (1952): (c¢) F. R. Duke and F. R. Parchen, THIs
JourNaL, T8, 1540 (1956).

(3) REuropium(II)~europium(III):
J. Phys. Chem., 86, 833 (1952).

D. J. Meier and C. &. Garner,
(a) R. J. Prestwood and A. C.



