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bulk diffusion of the silica molecules produces sin­
tering of the primary particles with a resultant 
sharp decrease in porosity as well as a decrease in 
surface area. This "cementing together" of pri­
mary particles at elevated temperatures increases 
the strength of the gel grains and its resistance to 
compaction under pressure.20 

The above described mechanism of thermal ag­
ing of silica gel suggests an "open structure" ar­
rangement as compared to the conception of "cy­
lindrical pores" which still is being advocated in the 
literature. The comparatively rapid rate of pene­
tration of dye molecules into the gel grain would 
tend to favor the former type of structure. Also, 
the authors would like to point out that the results 
reported here appear to be contradictory to the 
conclusions reached by Milligan and Rachford 
that sintering a silica gel causes destruction in the 
number of pores but no change in the average pore 
size.4 In the light of the numerous investigations 
on "aging of precipitates" carried out in this Lab­
oratory it is difficult to conceive how a porous 
structure like silica gel can collapse on heating 
without being accompanied by a decrease in "av­
erage pore size." Since the experimental data 
reported here are in agreement with the data given 
by Milligan and Rachford, it is felt that the dis­
crepancy is due to the use and interpretation of 
the Kelvin equation in calculating the "average 
pore size." 

One of the common methods of arriving at a 
figure for the diameter of the primary particles is 
to calculate the diameter from surface area meas­
urements. For example for silica (true density = 
2.20 g./cc.) with a specific surface of 300-400 sq. 
meter/g. silica the calculated diameter of the pri­
mary particles (assumed to be spherical) would be 
ca. 70-90 A. According to the mechanism of ag-

(20) I. Shapiro and I. M. Kolthoff, to be published. 

It has been known for a long time that aqueous 
solutions of chromic sulfate exist in both a violet 
and a green form3 but the isolation of any definite 
compounds from the green solution has not been 
successful. The green solutions of chromic sul­
fate are obtained either by heating or aging violet 

(1) Presented before the Physical and Inorganic Division of 
the American Chemical Society at the 112th National meeting in 
New York City (Sept. 1947). The work reported in this paper is 
taken in part from the doctoral thesis submitted by H. Tracy Hall 
to the faculty of the University of Utah in partial fulfillment of re­
quirements for the degree of Doctor of Philosophy. 

(2) MacFarlane Fellow, 1947-1948; present address: General 
Electric Co., Schenectady, N. Y. 

(3) See, for example, the chronological bibliography of the change 
from violet to green in chromic sulfate from 1841 to 1912 given by 
Graham, Am. Chtm. J., 48, 187-190 (1912). 

ing as set forth in this article the average diame­
ter of the primary particles will be somewhat 
greater than the value calculated from surface 
area measurements due to the fact that surface ir­
regularities as well as the smallness of the particle 
size contribute to the large surface development of 
the silica gel. 
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Summary 
The thermal aging of precipitated silica (silica 

gel) has been studied by determining the changes 
in specific surface by water adsorption and dye ad­
sorption measurements and by determining the 
change in apparent density by the mercury pyc-
nometer method as a function of temperature. 

Unheated silica gel is believed to consist of a 
very loose network of minute primary particles, 
perhaps roughly spherical in shape, but with an 
irregular surface contour. Upon heating the gel 
to temperatures below ca. 700° the individual pri­
mary particles undergo a "perfection" process via 
a surface diffusion of the silica molecules from 
thermodynamically unstable positions to more 
stable positions. This perfection results in a 
decrease in surface area but with very little de­
crease in porosity. At temperatures above 700° 
the bulk diffusion of the silica molecules results in 
a sintering of the primary particles as indicated by 
a pronounced decrease in porosity and a corre­
sponding decrease in surface area. 

The use of surface area measurements for cal­
culating the average particle diameter in porous 
gels tends to give values which are smaller than 
the actual diameter. 
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solutions. The violet solutions are obtained di­
rectly by dissolving violet crystals of chromic sul­
fate or chrom alum. 

It was early recognized that the acidity of the 
boiled or aged solution of chromic sulfate was 
greater than that of a violet solution of corre­
sponding concentration. Recoura4 determined the 
heat exchanges accompanying the addition of dif­
ferent amounts of sodium hydroxide to given 
amounts of green chromic sulfate solution (pre­
pared by boiling a violet solution). When the 
heat liberated was exactly the same as that lib­
erated during the addition of the same amount of 
sodium hydroxide to an amount of sulfuric acid 

(4) Recoura, Ann. Mm. phys., [7] 4, 494 (189S). 
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equivalent to it, he assumed the amount of "free" 
sulfuric acid present in the green chromium solu­
tion to be the same. In this way, he found 2 H + / 
4Cr present in the boiled and cooled solution. 
Favre and Valson9 had previously shown that 
only one-third of the sulfate present in a solution 
of the boiled salt could be precipitated by barium 
chloride. This caused Recoura to assume that 
the reaction taking place on boiling a solution of 
chromic sulfate is 

2Cr2(S04)3 + H3O — > Cr1O(SOi)SOi + H2SO1 (1) 

Godefroy,8 Recoura,7 Werner* and Gubser's9 

work with chromic chloride established the exist­
ence of the varieties Cr(H2O)6Cl8 and [Cr(HjO)4-
CIa]Cl. The latter variety is green in solution and 
two of the chlorine atoms cannot be precipitated 
with silver nitrate. The dichlorotetraaquo is pre­
dominant in concentrated solutions of chromic 
chloride and is readily crystallized from them. 
Bjerrum10 studied the transformation of the di­
chlorotetraaquo into the hexaaquo, prepared the 
monochloropentaaquo and was the first to observe 
the existence of a "hidden basic" compound (or 
compounds) in boiled solutions of chromic chlo­
ride. These compounds would be analogous to 
the oxygen-containing chromic sulfate of Recoura. 

The most recent work concerning boiled solu­
tions of chromic sulfate and chloride is summarized 
in "Gerbereichemie."11 

With respect to aged or boiled solutions of 
chromic nitrate, little work has been done. Prob­
ably, workers in the past, having observed that a 
boiled and cooled or aged solution of chromic 
nitrate had almost the same color as a freshly 
prepared solution, presumed that no change took 
place on aging or boiling. Indeed, some present 
day evidence would indicate that there is no 
change accompanying the aging of a solution of 
chromic nitrate.12 

The primary purpose of this work is to introduce 
a new reagent that has proved to be useful in the 
study of chromic complexes in solution. This re­
agent is the so-called ammonium paramolybdate 
((NH4OeMo7O24-IH2O). Conductometric titration 
with solutions of this reagent enables one to de­
termine (by difference) the average number of 
oxygen bridges between chromium atoms in 
boiled or aged solutions of chromic salts and has 
made it possible to show definitely that a struc­
tural change accompanies the heating or aging of a 
solution of chromic nitrate. 

In this work, the authors have chosen to work 
mainly with the nitrate rather than the chloride or 

(5) Favre and Valson, Compt. rend., 74, 1023 (1872). 
(6) Godefroy, ibid., 100, 105 (1885). 
(7) Recoura, Ann. Mm. fhys., 10, 39 (1887). 
(8) Werner and Gubser.Ber., 34, 1579 (1901). 
(9) Gubser, Inaugural Dissertation, Zurich (1900). 
(10) Bjerrum, Z. physik. Chem., 99, 336 (1907); 73, 724 (1910); 

110, 656 (1924). 
(11) E. Stiaany, "Gerbereichemie," Verlag Theodor Steintopff, 

Dresden, 1931. 
(13) N. O. Smith, THIS JODBHAL, M, 92 (1947). 

sulfate because this system seems to be free from 
the additional complication of the anion becoming 
coordinated to chromium. 

Some evidence against the existence of com­
plexes containing coordinated nitrate is the fact 
that complexes such as [Cr(H2O)4(NOs)2]NOa 
have never been prepared. Contrast this with the 
fact that Cr(H2O)6Cl++ and Cr(H2O)4Cl2

+ are 
well-known ions10 and the fact that Colson13 has 
prepared an analogous series of mono-, bi- and 
tri- "disguised" sulfates. ("Disguised" sulfate re­
fers to coordinated sulfate that is not subject to 
precipitation with barium chloride.) 

Further evidence against the existence of such 
nitrate-containing complexes is the fact that the 
same number of MoO4H - groups react with a 
sixty-hour refluxed solution of chromic nitrate, to 
which an excess of nitrate has been added, as re­
act when additional nitrate has not been added. 
This fact will become significant later. 

The first logical attack on the problem of eluci­
dating the structure of the chromium complexes 
in the boiled solutions would be to try to crystal­
lize the substance from the solution. No one has 
yet succeeeded in doing this. In the case of the 
nitrate and sulfate, any crystals obtained by slow 
evaporation of the solution are violet in color and 
always yield hexaaquo chromic ion on redissolving 
the crystals. Slow evaporation of boiled chloride 
solutions gives a crystal which when dissolved 
yields the ion CrCl2(H2O)4

+. I t is apparent that 
the substances must somehow be studied "in 
solution" or else must be removed rapidly from 
the solution by some precipitating reagent for 
further study since the days of standing required 
for crystallization allow the complexes to revert to 
configurations which crystallize nicely. 

It was in an attempt to find a reagent that could 
be used to study chromic complexes "in solution" 
or that would precipitate them from solution that 
the usefulness of the ammonium paramolybdate 
reagent was discovered. 

A curve for the conductometric titration of a 
solution of hexaaquo chromic nitrate with ammo­
nium paramolybdate solution is shown in Fig. 
1. The conductance increases until the ratio 
Mo/Cr in the solution is 6/1 at which point the 
conductance begins to decrease. The over-all re­
action is that given. 

6(NH4)SMo7O24 + 7Cr(H2O)6(NO3), —*-
7(NH4)3Cr(Mo04H), + 15NH4NO8 + 6HNO8 + 18H2O 

(2) 

The increase in conductance is caused by the in­
crease in hydrogen ion concentration produced in 
the above reaction. When the end-point has been 
reached (6 Mo/Cr), the excess ammonium para­
molybdate solution reacts with hydrogen ion 
causing the conductance of the solution to de­
crease. The average value of 4 such conducto­
metric titrations is 6.000 ± 0.005 Mo/Cr ex-

(18) Col.on, Ann. ehim. #*»>»., [8) 1%, 483 (1907). 
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10 30 50 
Ml. of 0.1001 M (in Mo) (NH4)SMo7O24 solution. 

Fig. 1.—Conductometric titration of 25 ml. of 0.0200 M 
chromic nitrate (diluted to approx. 300 ml.) with 0.1001 M 
ammonium paramolybdate solution. Inset gives data 
near end-point. 

pressed as average plus or minus average devia­
tion from the mean. An analysis of the sources 
of error involved in the titration shows that the 
experimentally obtained value should lie within 
the outside range 6.00 ± 0.02. 

At the beginning of the above titration the 
solution has a violet color (due to the presence of 
Cr(H2O)6

+++). At the end of the titration, the 
solution is pink. On mixing more concentrated 
solutions of ammonium paramolybdate and violet 
chromic sulfate, nitrate or chloride (all contain 
Cr(H2O)6+++) the solution becomes pink and a 
sparingly soluble salt separates. Microscopic 
examination shows the crystals are small rhom-
bohedral plates 0.02 to 0.05 mm. on edge; approxi­
mately 0.001 mm. thick with a refractive index 
of 1.72. This substance was prepared by R. D. 
Hall14 by boiling a solution containing chrom 
alum and ammonium paramolybdate and has the 
composition (NH4)3Cr(Mo04H)6-7H20. 

One of the readily observable changes that 
occurs on heating a solution of chromic sulfate, 
nitrate, or chloride is the substantial increase in 
the hydrogen ion concentration of the solution. 
The pB. of the freshly prepared violet solutions 
which contain 0.02 M of Cr/liter is approximately 
4.0. Upon refluxing 50-ml. portions of 0.10 
M solutions for fifteen minutes, cooling, traU8-

(14) R. D. Hall, THIS JOURNAL, 29, 692 (1907). 

ferring to a 250-ml. volumetric flask, and diluting 
to the mark, the pB. is found to be for the nitrate, 
chloride and sulfate, respectively, 2.5, 2.6 and 
2.2. (pH in this work was measured with a 
Beckman laboratory model pH meter checked 
against a standard buffer.) 

An explanation for the increase of hydrogen 
ion concentration in boiled solutions of chromic 
chloride and chromic sulfate has been advanced 
by Stiasny11 and his co-workers. 

In considering hexaaquo chromic chloride, 
Stiasny assumes reaction to take place 

Cr(H2O)6
+++ I £ ± Cr(H2O)6OH + + + H + (3) 

2Cr(H2O)6OH++—>-
T /OH,v 1 + + + + 

(H20)4Cr< ^)Cr(H2O)4 + 2H2O (4) 

The second reaction is termed "olation." Be­
cause the hydrogen ion concentration decreases 
by a factor of 10 when a sixty-hour refluxed solu­
tion of chromic chloride containing 10 g. of 
CrCl3'6H20/liter is diluted ten times, Stiasny 
assumes that "olation" is complete and that the 
hexaaquo configuration has been completely 
transformed into the "ol" structure above. 

While the assumption of some oxygen-bridge 
type structure seems necessary to explain the 
increase in acidity accompanying the heating or 
aging of a chromic salt, the structure assumed by 
Stiasny is not necessarily correct. 

On refluxing for sixty hours solutions of chromic 
chloride to which sodium hydroxide has been 
added and subsequently, after cooling, adding 
hydrochloric acid equivalent to the sodium hy­
droxide originally added, Stiasny finds the 
hydrogen ion concentration to be greater than in 
the case of sixty-hour refluxed chromic chloride 
to which nothing has been added. On standing at 
room temperature Stiasny finds that the solution 
to which sodium hydroxide was added before 
refluxing "de-olates" (as indicated by a decrease 
in hydrogen ion concentration) more slowly than 
a solution to which sodium hydroxide has not 
been added before refluxing. To explain this 
behavior, Stiasny assumes that the "ol" structure 
above has changed into the oxygen bridge struc­
ture below. 

J (H20)4Cr<^>Cr(H20)4 (5) 

In his dilution experiment Stiasny assumes the 
olated structure does not ionize appreciably to give 
protons. If this were the case, a conductometric 
titration of a sixty-hour refluxed solution of 
chromic chloride with sodium hydroxide should 
give a typical strong-acid, strong-base titration 
curve. However, a curve such as that of Fig. 2 
is always obtained. The first part of this curve 
is typical of a strong-acid, weak-acid mixture. 
I t seems, then, that the oxygen bridge type struc­
tures present in the sixty-hour solutions ionize 
appreciably to give protons or else some hexaaquo 
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5 10 15 
Ml. of 0.1076 M NaOH. 

Fig. 2.—Titration of a sixty-five-hour refluxed solution 
of chromic chloride with sodium hydroxide (50 ml. of 
0.1075 M chromic chloride refluxed sixty-five hours, trans­
ferred to vol. flask and diluted to 250 ml., 25 ml. of re­
sultant solution diluted to approx. 300 ml. and titrated con-
ductometrically with 0.1075 M sodium hydroxide). 

chromic ion is still present in these solutions. 
(Hexaaquo chromic ion is a weak acid: K = 
1.0 X 1O-4.) A sixty-hour refluxed solution of 
chromic nitrate behaves similarly when titrated 
conductometrically with sodium hydroxide. 

If a solution of ammonium paramolybdate is 
titrated with a solution of a chromic salt (the 
reverse of the titration already considered) a 
titration curve such as that shown in Fig. 3 is 
obtained. The inflection points before the final 
end-point are undoubtedly due to the preferential 
reaction of one type of molybdenum-oxygen 
aggregate present in the solution over other types. 
The question as to the number and types of molyb­
denum-oxygen aggregates in molybdate solutions 
is still unsettled.15 Undoubtedly, conductometric 
and pH titrations of molybdate solutions with 
solutions containing hexaaquo chromic ion would 
yield information that would help determine the 
structure of these molybdates. 

The composition of commercial reagent grade 
ammonium paramolybdate ((NH4)BMo7O2^H2O) 
varies slightly with the lot and also the manu­
facturer. The behavior of ammonium para­
molybdate solutions when titrated conducto­
metrically with a solution of a chromic salt de­
pends on this fact and also on the manner in 
which the solution is prepared and how long the 
solution stands before use. The most satis-

(15) Bmeleus and Anderson "Modern Aspects of Inorganic Chem­
istry," t>. Van Nostrand Co., Inc., New York, N. Y., 1947, p. 132-
183. 

8 16 24 
Ml. of "fresh" 0.0202 M chromic nitrate solution. 

Fig. 3.—Titration of 25 ml. of 0.1001 M{ in molybdenum) 
(NH4)SMo7O24 (diluted to approx. 300 ml.) with "fresh" 
0.0202 M chromic nitrate. 

factory reagent is one prepared from the fine 
crystal variety of ammonium paramolybdate by 
dissolving the calculated quantity in water at 
room temperature and allowing the solution to 
stand twenty-four hours to reach an equilibrium 
condition. The molybdenum content is deter­
mined by evaporating a known volume of solution 
to dryness, firing at 550° and weighing as MoO3. 

One molybdate solution prepared from large 
crystal ammonium paramolybdate (to dissolve 
these large crystals the solution must be heated) 
when titrated with freshly prepared chromic 

8 16 24 
Ml. of "fresh" 0.0202 M chromic nitrate solution. 

Fig. 4,—Conductometric titration of a molybdate solu­
tion prepared from "large crystal" (NH4)«Mo7Oi4-4H|0 
with "fresh" chromic nitrate (25 ml. of 0.1000 M molyb­
denum solution diluted to approx. 300 ml.). 
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nitrate solution gave a conductance curve as shown 
in Fig. 4. This curve can be changed into a curve 
like that of Fig. 3 by adding a few drops of 0.1 
M nitric acid to the molybdate solution and 
allowing the solution to stand overnight (to 
reach an equilibrium condition) before titrating 
with a freshly prepared solution of chromic 
nitrate. Similarly, the curve of Fig. 3 can be 
changed to one like Fig. 4 by adding a little 
ammonium hydroxide and allowing this solution 
to come to equilibrium before titrating. Curves 
of intermediate type can be obtained by adding 
smaller quantities of acid or base as the case may 
indicate. 

In these titrations it is not absolutely necessary 
to use solutions of ammonium paramolybdate. 
Any molybdate solution in'which the pH has been 
adjusted to 5.0 will work. If a solution of 
chromic nitrate which has been refluxed sixty 
hours or more is titrated with ammonium para­
molybdate solution, a curve is obtained similar to 
that of Fig. 5. The curve before the end-point is 
essentially a straight line. Apparently if more 
than one complex is present in the sixty hour 
chromic nitrate solution, their difference is not 
sufficiently great for the molybdate solution to 
react first with one, then with another and so on 
to give other inflection points in the titration 
curve. Or, alternatively, there could be a pref-
ferential reaction but the differences in conduc­
tance of the molecular ions formed are too small 
to be picked up in the conductometric titration. 
The end-point for eight such titrations yields 

T—I—I—I—I—r 

21 23 25 27 

Ml. of 0.1001 M (in Mo) ammonium paramolybdate soln. 
Fig. 5.—Conductometric titration of 411-hours refluxed 

solution of chromic nitrate with ammonium paramolyb­
date. (100 ml. of 0.0500 M chromic nitrate refluxed 411 
hours, transferred to vol. flask and whole diluted to 250 ml. 
25 ml. of resultant solution diluted to approx. 300 ml. and 
then titrated with 0.1001 M (is molybdenum) ammonium 
paftttnoly-bdate), 

4.78 =t 0.01 Mo/Cr (expressed as av. =*= av. 
deviation from the mean). 

All solutions of chromic nitrate or chromic 
chloride which have been aged or heated give a 
ratio of Mo/Cr less than 6/1 when titrated con-
ductometrically with ammonium paramolybdate. 
The Mo/Cr ratio reaches a minimum after sixty 
hours of refluxing and does not change on re-
fluxing for a longer period. The number of 
molybdenums reacting per chromium after various 
reflux times is shown in Table I for chromic 
nitrate and in Table II for chromic chloride. 

, TABLE I 

Mo/Cr REACTING AFTER VARIOUS REFLUX TIMES FOR 

Cr(N03)3 

Hours refluxed Mo/Cr 
0 6.00 
1,1 5.00 
0.25 5.01 
2 .5 4.92 

66 4.78 
163 4.78 
411 4.78 

TABLE II 

Mo/Cr REACTING AFTER VARIOUS R E F L U X T I M E S FOR 

CrCl, 
Hours refluxed Mo/Cr Bound Cl -/Cr 

0 6.00 0.00 
1/12 4.84 .21 
0 .5 4 .78 .13 
1.25 4.55 .17 

64.5 4.50 .17 
310 4 .48 

The chloride is more difficult to work with than 
the nitrate because the bound chloride complexes 
undergo some change while the titration is being 
performed. This causes the conductance to 
change slightly during the titration and makes it 
more difficult to establish the end-point with 
certainty. The amount of chloride coordinated 
to chromium is determined by titrating the solu­
tion conductometrically with standard silver 
nitrate. N. H. Law16 found that the unbound 
chloride in solutions of [Cr(H2O)4Cl2]Cl could be 
determined accurately by conductometric titra­
tion with silver nitrate if the pH of the solution 
being titrated was less than 5. At pH values 
greater than 5 he found that the "disguised" 
chloride was also precipitated with silver ion. • 
In the. solutions considered here, the pH is less 
than 4 and the authors have assumed the bound 
chloride to remain essentially as such on titration 
with silver nitrate. 

As has been mentioned, it seems necessary to 
assume that some sort of oxygen-chromium bonds 
must be formed to explain the increase in acidity 
of chromic ion solutions on aging or heating. If 
the presence of these oxygen bridges is assumed, 
then two possibilities become apparent at this 

(16) Low, Tram. Faraday Sac, M, 148I-14M (188«); 
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point for the explanation of the fact that less than 
6 Mo/Cr react in the case of these boiled salts. 

The first explanation would be that the molyb-
date reagent reacts only with the hexaaquo ion 
and does not react with the complexes containing 
oxygen bridges. One could then contend that the 
sixty-hour refluxed solution of chromic nitrate, 
which must contain complexes containing oxygen 
bridges because the acidity of the solution has 
increased, still contains hexaaquo chromic ion 
which reacts with the molybdate reagent but 
since the "oxygen bridge complexes" do not react, 
the ratio Mo/Cr is less than 6. 

The other explanation would be that the molyb­
date reagent reacts with the hexaaquo chromic 
ion (if present) but also reacts with the complexes 
containing oxygen bridges replacing water with 
MoO4H - but leaving the oxygen bridges intact. 
Thus if a substance such as 

H 
(H2O)6Cr-O-Cr(H2O)6+++++ 

were present alone, one would expect to find a 
ratio of 5/1 for Mo/Cr on titrating the solution 
with ammonium paramolybdate. 

The following facts seem to establish that the 
molybdate reagent does react with the complexes 
containing oxygen bridges present in boiled solu­
tions of chromic nitrate: 

(1) When stoichiometric proportions of sixty-
hour refluxed chromic nitrate and (NH4) 6M07OM 
(4.78 Mo/Cr) are mixed, the solution attains a 
purple hue whereas stoichiometric proportions of 
freshly "prepared chromic nitrate and (NH4) t-
M07O24 (6 Mo/Cr) give pink solutions. 

(2) If after mixing stoichiometric proportions 
of 60-hour refluxed chromic nitrate and (NH4) 6-
Mo7Oj4 solutions, silver nitrate solution in excess 
is added, a grayish-purple precipitate is obtained. 
If this precipitate is filtered off, it is found that 
the filtrate does not contain chromium. If 
silver nitrate solution is added to a sixty-hour 
refluxed solution of chromic nitrate solution to 
which no molybdate reagent has been added, 
a precipitate is not obtained. It would seem, then 
that all the chromium present in the sixty-hour 
refluxed solution of chromic nitrate has reacted 
with the ammonium paramolybdate and this 
product forms an insoluble precipitate with silver 
nitrate. 

Sixty-hour refluxed solutions of chromic chlo­
ride give results that parallel those given above 
for chromic nitrate. 

Having established the fact that all the chro­
mium complexes existing in the above solutions 
react with the molybdate reagent, the question 
arises as to whether or not MoO 4H - replaces all 
the groups coSrdinated to chromium. If all the 
coordinated water were replaced by MoO 4H -

as it is in the case of hexaaquo chromic ion, the 
fact that less than 6 Mo/Cr react must be ex-

H 
plained by assuming that the Cr-O-Cr structure 

is left intact. Whether or not all the water co­
ordinated to chromium in the complexes con­
taining oxygen bridges is replaced by MoO 4H -

could readily be ascertained if the amount of 
free H + in the refluxed solutions could be deter­
mined. 

Let us consider the case of the sixty-hour re­
fluxed solution of chromic nitrate. The value of 
4.78 Mo/Cr would indicate an average of 0.61 
oxygens per chromium used for bridge forming. 

H 
If the bridges are of the type Cr-O-Cr, the sixty-
hour refluxed solution would contain 0.61 free 
H+/Cr. Referring to Fig. 2 it is observed that 
this free H + cannot be determined by direct 
titration with sodium hydroxide. If1 however, 
the stoichiometric proportion of molybdate rea­
gent is added to a sixty-hour refluxed solution of 
chromic nitrate and the solution is allowed to 
stand ten minutes (for reaction to go to com­
pletion) before titrating conductometrically with 
sodium hydroxide solution, a curve such as that 
shown in Fig. 6 is obtained. One observes that 
the replacement of water by MoO4H - stabilizes 
the complex to such an extent that the free H + 

can be titrated without the complex gradually 
ionizing away protons until precipitation takes 
place. The titration indicates 0.204 H+/Mo. 
However, this titration has its difficulties. The 
end-point as determined by the intersection of 
the two straight lines in Fig. 6 does not give the 

21 -

> 
"•3 1 9 

TO 

V 

•a 

. ^ 4 . 5 5 ml = 0.204 HVMo 
13 -

1 2 3 4 5 6 7 8 9 
Ml. of 0.1076 M NaOH. 

Fig. 6.—Titration (with sodium hydroxide) of a 163-
hour refluxed solution of chromic nitrate to which the stoi­
chiometric amount of molybdate solution has been added 
(4.78 molybdenum/chromium) (50 ml. of 0.0500 M chro­
mic nitrate refluxed 163 hours; cooled rapidly; diluted to 
250 ml. in vol. flask; 50 ml. of resultant soln. + 23.90 ml. 
of ammonium paramolybdate soln. (0.1000 M in molyb­
denum) diluted to approx. 300 ml, and th«n titrated with 
0.1076 M sodium hydroxide). 
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true free H + . The error is caused by the hy­
drolysis of the Cr-Mo complex. 

From equation 2 one observes that 1/7 = 
0.143 H+/Mo is produced each time MoO4H -

coordinates to Cr. The conductometric titration 
with sodium hydroxide, of a solution formed 
according to equation 2 gives only 0.112 H+/Mo 
(titration curve is similar to Fig. 6). A synthetic 
solution (without ammonium nitrate) similar to 
that formed from equation 2 was prepared by 
adding a known quantity of hydrochloric acid to a 
known weight of (NH4)3Cr(Mo04H)6-7H20. Con­
ductometric titration of this solution with sodium 
hydroxide gives a value for free H + lower than the 
known amount of hydrochloric acid added. 

The end-point for the titration of the 60-hour 
refluxed solution of chromic nitrate, to which the 
stoichiometric proportion of molybdate reagent 
has been added, with sodium hydroxide will also 
indicate a low value for the free H + . There is no 
way, in this case, to make an end-point correction. 
As an approximation, however, we may assume 
that the end-point error here is equal to the end-
point error for the case of the hexaaquo salt. 
Subtracting 0.112 from 0.204, 0.092 H+/Mo 
free acid produced by oxygen bridge formation is 
obtained. Since the Mo/Cr ratio in this solution 
is 4.78/1, the free acid produced per Cr is 4.78 X 
0.092 = 0.44. This value is somewhat lower 
than 0.61 but in view of the approximation in­
volved seems to be in good agreement with the 
assumption that MoO4H - does replace water 
coordinated to Cr but does not disrupt the 

H 
Cr-O-Cr. 

The above experiments also show why the 
authors have chosen to attach a hydrogen to the 
oxygen bridging two chromiums. If the bridge 
were oxygen alone, the free H + in the sixty-hour 
refluxed solution would be 1.22 H +/Cr (since the 
Mo/Cr ratio is 4.78/1). If two hydrogen atoms 
were bound to the bridge oxygen this would mean 
that four positive groups would be attached to a 
single oxygen atom. This is quite improbable. 
It must be recognized, however, that the ioniza­
tion constant for the hydrogen attached to the 

H 
bridge oxygen in [(H2O)6Cr-O-Cr(H2O)]5+ may 
be greater than that for the hydrogen attached to 

H 
the bridge oxygen in [(MoO4H)5Cr-O-Cr(MoO4-
H)6]6-. 

The authors have carried out similar experi­
ments with chromic chloride and have found 
results that parallel those of the nitrate. 

The authors have concluded from the above 
experiments that the average number of oxygens 
per chromium used in the bridge formation in 
aged or boiled solutions of chromic nitrate or 
chloride can be determined by titrating the solu­
tion conductometrically with a solution of am­
monium paramolybdate. 

The value 4.78 Mo/Cr could result from re­
action of molybdate solution with a number 
of oxygen-bridge-containing complexes. How­
ever, it is likely that the simpler polymers are 
present in greater amount. For example, con­
sider the structures I, II and III, of which I is 
the simplest and might be expected to be the 
first to form on heating or aging. 

f H I + 6 

(I) L(H2O)3Cr-O-Cr(H2O)6J (5 Mo/Cr would react) 

(H) 

H 

(H2O)4Cr^ ^Cr(H2O)4 

H 

(4 Mo/Cr 
would react) 

(IH) (H2O)5-Cr 
H 

- O -
H 

C r - O - C r ( H 2 O ) 6 
L (H2O)4 J 

(14/3 Mo/Cr would react) 

If hexaaquo chromic ion or I above is present, 
then to obtain the value 4.78 M o / C r , I I or I I I 
or longer chain polymers must be present. 

An interesting reaction is t ha t between di-
chlorotetraaquochromic ion CrCl2(H2O)4

+ and the 
molybdate reagent. Dilute solutions of this ion 
are unstable and change in a few hours to the 
hexaaquo ion.10 The conductance of a dilute 
solution of this ion changes so rapidly t ha t it is 
quite difficult to t i t rate with the molybdate solu­
tion. The reverse t i tration (add a solution contain­
ing dichlorotetraaquo chromic ion to a solution of 
ammonium paramolybdate) however is feasible. 
In this t i t rat ion the conductance changes slowly 
and the end-point cannot be determined as ac­
curately as in the case of the hexaaquo salt. 
In this t i tration the end-point indicates a M o / C r 
ratio of 4 to 1. This means t ha t M o O 4 H -

groups have replaced water bu t not C l - . (Solu­
tions containing Cr(H2O)4Cl2

+ are prepared by 
dissolving the salt obtained by reprecipitating 
ordinary, commercial, green crystals of chromic 
chloride hexahydrate with hydrochloric acid.) 

Since the bound chloride in te t raaquo dichloro-
chromic ion is not replaced by M o O 4 H - , it is 
likely t ha t the small amount of bound chloride 
in the refluxed solutions (Table II) is also not 
replaced. This should be taken into account 
when calculating the average number of oxygens 
per chromium used in bridge formation. 

Chromic solutions to which sodium hydroxide 
has been added before refluxing give an even 
smaller ratio of M o / C r than the ti trations con­
sidered above. This indicates a high degree of 
bridge formation which is also in line with the 
increased acidity of these solutions. A 1/3 
basic17 two hundred and forty-hour refluxed 
solution of chromic ni trate is very green in color. 
On adding the molybdate solution a green pre-

(17) This expression is due to the leather chemists. A '/> basic 
solution of a chromic salt is a solution to which one mole of a bass 
such at sodium hydroxide has been added per mole of chromium. 
A. Vi basic solution is one to which 2 moles of base have been added 
per mole of chromium, etc. 
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cipitate is formed. Undoubtedly the Cr-Mo 
complex formed here is a large bulky ion (many 
oxygen bridges) and is insoluble. Not all the 
chromium is precipitated on adding the molyb­
date reagent, however. This indicates that 
at least two types of chromium-oxygen polymers 
are present in this solution. The total amount 
of molybdenum reacting per chromium as shown 
by conductometric titration is in this case 2.98 
Mo/Cr. If this stoichiometric amount of am­
monium paramolybdate solution is added to the 
1/3 basic, two hundred and forty-hour refluxed 
chromic nitrate solution and the resultant solu­
tion is then titrated conductometrically with 
sodium hydroxide, 0.216 H+/Mo is found. 
Subtracting from this the value 0.112 for H + 

produced when MoO4H - coordinates, 0.104 H + / 
Mo or 2.98 X 0.104 = 0.31 H+/Cr is obtained. 
Adding to this the value of 1.00 H+/Cr to account 
for the H + neutralized by making the solution 
1/3 basic it is observed that 1.31 H+/Cr is pro­
duced in polymer formation. From the value of 
2.98 Mo/Cr and the assumption that one hy­
drogen is attached to each bridge oxygen the free 
H + should be 1.46 H +/Cr. The first value is 
low as might have been expected since the same 
incalculable errors are involved here as were in­
volved with the sixty-hour refluxed nitrate. 

One third basic, sixty-hour refluxed chromic 
chloride shows 2.68 Mo/Cr and 0.08 bound Cl" / 
Cr and forms a precipitate. Always on similar 
treatment of chromic nitrate and chromic chloride, 
the ratio Mo/Cr is smaller for the chloride. 
Apparently the small amount of coordinated 
chloride plays a role in oxygen bridge formation. 
Titration of a 1/9 basic (1/3 OH-/Cr) , sixty-
hour refluxed chromic chloride solution with 
molybdate solution does not give a precipitate. 
The Mo/Cr ratio here is found to be 3.74. 

At this point, it would be well to recall Stiasny's 
structures for the complexes present in sixty-
hour refluxed solutions of chromic chloride and 
1/3 basic chromic chloride (see equations 4 and 
5). 

For either structure titration with ammonium 
paramolybdate solution should give Mo/Cr = 
4 /1 . As shown, however, the ratio is 4.50/1 and 
2.68/1. I t must be concluded that neither 
solution is adequately represented by Stiasny's 
structures. 

The formation of oxygen bridges is greatly 
facilitated by adding ethanol to a solution of 
chromic nitrate before refluxing. Apparently 
there is competition between chromium ions and 
alcohol molecules for water molecules and the 
chromium gives up water to alcohol by forming 
many oxygen bridges. On refluxing chromic 
nitrate in 90% ethanol solution, the solution 
becomes a brilliant green in a very short time 
and the acidity increases considerably. A typical 
solution when refluxed for only five minutes gives 
a green precipitate on conductometric titration 

with ammonium para molybdate solution and 
shows only 1.6 Mo/Cr. 

It has been mentioned that aged solutions of 
chromic nitrate also form oxygen bridges. This is 
shown by the fact that the acidity of a chromic 
nitrate solution increases on aging and the 
number of Mo/Cr found on titration with the 
molybdate reagent is less than 6. For example: 
an approx. 0.1 molar solution of chromic nitrate 
was prepared and its pH. found to be 2.60. On 
standing in a glass-stoppered bottle for twenty-six 
days at room temperature, the pH. was found to be 
2.37. The titration of a typical 0.1 M thirty-
day-old chromic nitrate solution gives 5.57 Mo/Cr. 

In the above work, chromium concentrations 
were determined by the standard persulfate pro­
cedure. Standard solutions of silver nitrate 
and potassium dichromate (used to standardize 
ferrous sulfate used in chromium determinations) 
were prepared by weighing the oven dried salts 
and diluting to volume in a volumetric flask. 
Standard carbonate-free sodium hydroxide solu­
tions were prepared according to method 2 on 
page 1352 of the 30th ed. of "Handbook of 
Chemistry and Physics." Hydrochloric acid 
solutions were standardized against this sodium 
hydroxide. Violet chromic chloride was pre­
pared and stored according to the method of 
Bjerrum.10 Violet chromic nitrate was prepared 
by recrystallizing J. T. Baker analyzed chemical. 

The bridge used for measurement of con­
ductance was constructed of conventional com­
ponents and was of sufficient sensitivity to meas­
ure resistance to 0.1 ohm. 

The conductance cell consisted of a 400-cc. 
beaker into which a stirring propeller and two 
platinum electrodes coated with platinum black 
could be lowered. 

The solution to be titrated was introduced into 
the titration beaker and the volume of the solu­
tion adjusted to approx. 300 cc. before titration 
was begun. 

In all work considered here, the concentrations 
of the chromic nitrate and chromic chloride solu­
tions that were refluxed were either 0.05 Af or 
0.10 M in chromium. In either case, the Mo/Cr 
ratio was found to be the same for solutions re­
fluxed the same length of time. It is conceivable, 
however, that much higher or much lower con­
centrations might give, after refluxing, Mo/Cr 
ratios differing from those of the 0.05 M and 0.10 
M solutions. 

In titrating the chromium solutions with 
ammonium para molybdate or vice versa a period 
of approximately 3 minutes must be allowed 
between the incremental additions in order for 
the reaction to go to completion and for the 
conductance to become constant. 

Summary 

1. The conductometric titration of chromic 
salt solutions with (NH4)(MOTOJ4 solution enables 
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one to determine the average number of oxygen 
bridges per chromic ion present in aged or heated 
solutions of chromic nitrate or chloride. 

2. The postulated composition of a sixty-hour 
refluxed solution of chromic chloride and of a 
1/3 basic, sixty-hour refluxed solution given by 
E. Stiasny11 and co-workers has been shown to 
require revision. 

3. Data are given for the number of M0O4H-

groups that will coordinate to chromium in var­
iously treated chromic salt solutions. These 
data show that the average number of oxygen 

Numerous studies of the heat bodying of drying 
oils have failed to yield conclusive evidence for 
any of the reaction mechanisms suggested for this 
process.2 The thermal polymerization of methyl 
undecylenate had been studied by one of us3 in the 
hope that a more complete understanding of the 
thermal reactions of this simple compound might 
yield information concerning the bodying of the 
more complex oils. In the present work an allylic 
free radical theory to explain the thermal trans­
formations of simple unsaturated compounds is 
proposed, and some experimental support for this 
mechanism has been obtained from a study of two 
terminally unsaturated compounds, methyl un­
decylenate and 1-octene. 

Free radicals, which might arise through chain 
scission or peroxidation, are capable of initiating a 
chain reaction by attacking a monoalkyl substi­
tuted ethylene to form a resonating allylic radical 
(I),4 which in either resonance form may add to 
the terminal position6 of another olefin molecule 
(II). Either of the resulting unsaturated dimeric 
radicals may then add intramolecularly to its 
own double bond to yield saturated cyclic radicals 
(III). In an analogous manner the saturated or 
the unsaturated dimeric radicals may continue 
this process of radical addition to give a variety 
of polymeric radicals (IV). It is also quite possible 
for the unsaturated trimeric radicals formed in 
step IV to cyclize by an addition similar to step 
III to form polymeric alicyclic radicals.5* 

Any of these radicals (monomeric, dimeric or 
polymeric) instead of adding to another olefin 

(1) From a thesis presented by J. Fred Gerecht to the Graduate 
School of the Polytechnic Institute of Brooklyn, June, 1948, in par­
tial fulfillment of the requirements for the degree of Doctor of 
Philosophy. 

(2) Sunderland, J. Oil and Colour Chemists' Assoc, 28, 137 (1945). 
(3) Ross, Gebhart and Gerecht, THIS JOURNAL, 67, 1276 (1945). 
(4) Smith and Taylor, / . Ckem. Phys., 8, 543 (1940). 
(5) Farmer, J. Soc. Ckem. Ind., 66, 86 (1947). 
(Sa) We are indebted to one of the refereu for hia suggeatios of thla 

rmatiaa af the trimaric radicals. 

bridges joining chromic ions increases with time 
on refluxing solutions of chromic nitrate and 
chromic chloride until a maximum is reached at 
sixty hours. Further refluxing does not cause 
any increase in the number of bridges. The 
addition of sodium hydroxide before refluxing 
causes a large increase in the number of oxygen 
bridges formed as does also the addition of ethyl 
alcohol. 

SALT LAKE CITY, UTAH RECEIVED 1 8 AUGUST 18, 1949 

(18) Original manuscript received August 20, 1947. 

molecule can terminate through chain transfer by 
withdrawing an a-methylenic hydrogen to yield a 
stable compound and a new resonating allylic 
radical as in I. 

In an attempt to verify such a mechanism, 
methyl undecylenate was polymerized at 325°, 
and separated by distillation into monomeric, di­
meric and higher polymeric fractions.3 Each 
fraction was then subjected to performic acid hy-
droxylation6 followed by periodate oxidation.7 

The oxidation mixtures were examined for the 
specific degradation products which should result 
if the unsaturated compounds predicted were 
present. 

According to the mechanism indicated, the 
monomeric fraction should contain a certain 
amount of methyl 9-undecenoate, A, resulting 
from the reaction of one of the resonance forms of 
the allylic radical with an a-methylenic hydrogen, 
and hence, both acetaldehyde and formaldehyde 
should be present in the oxidation mixture. Such 
was found to be the case, and from the amount of 
acetaldehyde found8 it was estimated that 12% of 
the recovered monomer had undergone a double 
bond shift. 

Furthermore, the dimeric fraction should con­
tain dimethyl 8 - eicosene - 1,20 - dicarboxylate, 
dimer B (R = H); dimethyl 8-ethylene-octadec-
ane-1,18-dicarboxylate, dimer C (R = H) and 
methyl esters of saturated acids of 22 carbon atoms 
containing the cyclopentane ring, D, resulting 
from the termination reaction of the dimeric radi­
cals with an a-methylenic hydrogen. Previously 
the presence of dimer B (R = H) in this fraction 
has been established, and a saturated dimer be­
lieved to be cyclic also has been isolated.3 Al­
though methods for the recognition of either of the 

(6) (a) Greenspan, lnd. Eng. Chem., 89, 847 (1947); (b) Swern, 
Billen, Findley and Scanlan, THIS JOURNAL, 67, 1786 (1945). 

(7) Jackson, "Organic Reactions," Vol. 2, John Wiley and Sons, 
Inc., New York, N. Y., 1944, p. 341. 

(8) Staup., / . Affoe. Ojfic. Air. ChmUU, 8«, 34» (1948). 
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