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Kinetic data for the Ag(II)-TI(I) reaction in 6.18 F HNQ; at 26.2° are interpreted in terms of the mechanism

1

Ag(II) + NOs~ 2<—_> Ag(I) + NOs

3

NO; + TUI) === NO;~ + TYII)
4

5

Ag(IT) + TUII) —> Ag(I) 4+ TI(III)

Values for combinations of rate constants found from a least-square treatment of the data are &y = 0.403, ky/(kik3) = 2.08 X
1072, and kaoks/(krksks) = 1.41 X 107° where time is in seconds, concentrations are in moles/liter, and rate is expressed as dis-

appearance of Ag(1I).

These values are consistent with equilibrium and rate constants for related reactions.

Unlike other

reactions with Ag(II), the oxidation of TI(I) is independent of HNQj; concentration over the range 4.66 to 8.82 F.

Introduction

This investigation was initiated because of an interest
in establishing which oxidation-reduction reactions
involving thallium(I) and thallium(III) proceed via
two equivalent steps and which proceed vi¢ a kinetically
distinguishable TI(II) intermediate. Several ex-
amples of both mechanisms have been reported in
the literature.?—*! In addition, Stead®® reports that the
step

Ag(IT) 4+ TI) === TIII) + Ag(I)

is of importance in the Ag(I)-catalyzed reaction of
Ce(IV) with T1(I) in perchloric acid. A direct measure-
ment of the forward reaction constant for this step
would therefore be of interest.

Experimental Section

Materials and Methods.—Solutions were prepared by mixing
water (triply distilled from quartz), reagent grade nitric acid, and
measured volumes of standard AgNO; solution. Several hun-
dredths of a gram of AgO were added per liter of solution in order
to oxidize endogenous reducing agents. This stock was used both
for diluting TI(I) stock and preparing Ag(II) stock solution.
The method of solvent purification outlined was found to be
superior to purification by ozonization. Ag(II) solutions in
solvent prepared by the ozone method were considerably less
stable than in the solvent purified with AgO. It is not clear
whether impurities came from the ozone-oxygen gas mixture,
the apparatus, or from an ozone reaction with some species in
solution.

The thallous nitrate in 99.59), purity was purchased from
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Varlacoid Chemical Co. and used after recrystallization. AgO
was purchased from City Chemical Co. and from K & K Chemical
Co. in purified form. The silver content of the AgO as deter-
mined by gravimetric chloride analysis was within experimental
error of the theoretical silver content. Reagent grade Merck
AgNO; was used in preparing Ag(I) standard solutions.

The absorption coefficient of Ag(II) was determined at 394 mu
using the method of Kirwin, et ¢/.'* The absorbance of a meas-
ured volume of Ag(II) solution is recorded at 394 my; a measured
volume of Ce(III) solution containing an excess of cerium is
added and mixed thoroughly with the Ag(II) solution; and then
the resultant solution is analyzed for Ce(IV) at 330 or 355 mu.
The plot of the absorbance of Ag(II) for a series of solutions of
varying concentration vs. the absorbance of the Ce(IV) produced
in each solution is linear. This result indicates that the reaction
is stoichiometric and that Ag(II) obeys the Beer—Lambert law.
The molar absorption coefficient of Ag(II) at 394 mu in 6.18 M
HNO; is 2530 == 50 M~ cm™l, In 4.66 M HNO;the valueis the
same within experimental error. In 8.82 M HNO; the absorption
coeflicient increases to 3400. These values are somewhat larger
than one would expect from the data presented graphically by
Kiwrin, et al. Because of the possibility of shifts in the equilib-
rium among Ag(II), Ag(I), and Ag(III) affecting absorption
coefficients, the determination was made at both high and low
[Ag(I)]. It was the samein all cases.

Ag(II) solutions undergo reduction at a moderate rate owing to
reaction with the solvent. These solutions are made up immedi-
ately before use by dissolving AgO in the solvent described above.
The Ag(II) concentration at the time of a run was estimated from
the absorbance of the stock measured before and after the run,
assuming the decay to be linear in inverse absorbance v»s. time.
The Ag(II) concentration was used to compute the TI(I) con-
centration, assuming the stoichiometry shown by Noyes.1? Tests
of stoichiometry under the conditions of our experiments were
not good when an excess of Ag(II) was present, and therefore
Ag(II) was always the limiting reagent for runs reported here.

Equal volumes of Ag(II) and TI(I) solutions are mixed and
injected into the spectrophotometer cell in the apparatus shown
in Figure 1. The apparatus is designed to fit into the sample
compartment of a Cary 14 recording spectrophotometer. After

(12) J. B. Kirwin, F. D. Peat, P. J. Proll, and L. H. Sutcliffe, J. Phys.
Chem., 6T, 1617 (1963).
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Figure 1.—Mixing assembly.

loading the syringes through the three-way valves, these valves
are set to discharge through the Teflon needles and into the mix-
ing chamber. The mixing chamber is machined from Teflon so
that both the Teflon needles and the round bottom of the cuvette
are force-fitted into place. The two inlet tubes (i.d. 0.056 in.)
discharge into one tube leading into the open bottom of the
cuvette. When the cuvette is filled by the simultaneous dis-
charge of the syringes, the spectrophotometer is turned on and
the recorder pen begins to record the absorbance at 394 mpu vs.
time. Thus a continuous record of absorbance vs. time is ob-
tained. The slope of this line at any point gives the rate of con-
sumption of Ag(II), since the recorder is linear in absorbance.
The reaction mixture is allowed to remain in the cuvette for
several mirnutes until the absorbance reading has stopped chang-
ing.

The adequacy of mixing in this apparatus was tested by taking
a solution of approximately 0.01 3 NaOH colored with phenol-
phthalein and allowing it to react in the apparatus with a nitric
acid solution less than 29, more concentrated. The phenol-
phthalein was found to be completely discolored within the time
taken for injection and pen response, about 1 sec.

The temperature of the water bath was 26.20 £ 0.01°. Itis
possible for the water to be heated by about a tenth of a degree
on its way through the pump to the spectrophotometer cell.
We may take 26.25 == 0.1° as the temperature at which the re-
action is measured.

Results and Discussion

A limiting form for the rate expression was obtained
from initial experiments in which all reactants and
products except one were in sufficient excess to remain
approximately constant during the course of a rum,
Graphs of log rate vs. log [T1(I)} and of [Ag(II)]—! vs.
time are linear. Figure 2 shows the variation of log
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Figure 2,—Order dependence for [Ag(I)]; [Ag(I)] = 1.186 X
1078 M, [T1(I)] = 1.82 X 1078 M.

rate with log [Ag(I)]. These results indicate that,
under appropriate conditions, the reaction is second
order with respect to silver(II), first order with re-
spect to thallium(I), and between zero and inverse
first order with respect to silver(I). The rate of the
reaction was found to be independent of thallium (III).
Hence a limiting form of the rate law is

R = k[Ag(ID)]*[TKI)]/[Ag(D)] (1

From eq 1 and analogy with other silver(II) reac-
tions,'?2~1% a possible mechanism might be

1
2Ag(IT) = Ag(I) + Ag(IIT)
2

Ag(III) + TUI) —i> Ag(I) + TIII)

Applying a steady-state approximation to the Ag(III)
intermediate, we obtain for the rate expression

_ Bk [Ag(ID]ATI(D)] 2)
E[Ag(T)] + A[TI(T)]

A graph of [Ag(I1)]2/R »s. [Ag(D)]/[TI(I)] should be a
straight line with slope of k/(kiks) and intercept of
1/k. The éxperimental points do not, however, agree
with this prediction. The scatter from a straight line is
large and there is a systematic variation in [Ag(II)]?/R
during the course of many individual runs at almost
constant [Ag(I)]/[TI(I)] in a direction to indicate that
the reaction is less than second order in Ag(II). An-
other reason for rejecting this mechanism is the lack of
an appreciable acid dependence for the reaction (see
Figure 3). Other reactions involving Ag(III) as an
intermediate show large inverse order with respect to
hydrogen ion.

Another mechanism in agreement with eq 1 and
mechanisms for thallium reactions’—1! is

1
Ag(II) + TUI) == Ag(I) + TLII)
2

Ag(II) 4+ TNII) ——3> Ag(I) 4+ TI(IIT)

(14) B. M. Gordon and A. C. Wahl, J. Am. Chem. Soc., 80, 273 (1958).
(156) G. A. Rechnitz and S. B. Zamochnick, Talanta, 11, 1645 (1964); 12
479 (1965).
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Figure 3.—Acid dependence: O, 882 FHNO;; O, 6.18 F HNOy;
A, 4.66 F HNOs.

which, after a steady-state approximation for TI(II) is
made, yields

__ kiks[Ag(ID]2[TII)] (3)
ko[Ag(D)] + ks[Ag(ID)]

The graph of [Ag(ID][TID)]/R vs. [Ag(D)]/[AgD)]
deviates from a straight line as much as does the appro-
priate graph for the Ag(III) mechanism. In addition,
there is systematic variation in [Ag(II)][TI(I)]/R
with [TI(I)] at constant [Ag(I)] and [Ag(II)]in a direc-
tion implying that the reaction is less than first order
with respect to thallium(I).

The systematic variation from eq 2 and 3 imply
that both Ag(II) and TI(I) must occur in the denomi-
nator of this rate expression. A search for a simple
mechanism meeting this requirement led to the mecha-
nism

1
Ag(Il) + NO;~ <_‘—>2 Ag(I) + NG (a)
3
NO; + TII) === NO,~ + TI(II) (B)
4
Ag(II) 4 TI(II) N Ag(I) + TLIII) (<)

This mechanism is analogous to one of the pathways
found for the Ce(IV) oxidation of TI(I) in the same
medium.!! It should be noted that the intermediate
free radical could be OH rather than NOj; After
applying steady-state approximations for NO; and
TI(1T), we obtain the rate law

R = kikyks [Ag(11)]2[TI(T)]
koks[Ag(D)] + koks[Ag(IT)] [Ag(T)] + ksks[Ag(ID)] [TI(T)]
(4)
This rate law predicts that at constant [Ag(II)] a
graph of [TI(I)]/R[Ag(D)] ws. [TI(I)]/[Ag(I)] should
be linear. Two such graphs are shown in Figures 4
and 5. The scatter is still large, but qualitative agree-
ment with the mechanism is achieved and systematic
trends are not observed. The scatter is probably
caused by impurities in the reaction mixtures. A least-
squares procedure!® designed to minimize 2 [(Rovea/
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Figure 4. —Test of eq 4; [Ag(Il)] = 2.37 X 10~ M.

.8 T T T T T

T -

I0"HTIiI)/(R(AgI))sec./ M.
E Y
T
L

3 * ~
e ®
2_... -
*
b .
o) I 1 1 ] ] ]
o] N 2 .3 4q 5 (5]

10(TII) 7 (AQI)
Tigure 5.—Test of eq 4; [Ag(II)] = 3.56 X 10—t M.

Reaea) — 112 in which Ropea is the observed rate and
R10a is obtained from (4), yielded the following groups
of constants: keky/ (kiksks) = 1.41 X 1075, ky(kiks) =
2.03 X 1072, and &k, = 0.403. Time is in seconds, con-
centration in moles/liter, and the temperature is 26.2°.
A comparison between observed and calculated values
is given in Table I. The rate is in terms of the disap-
pearance of Ag(II).

The large scatter and difficulty in proving stoichiom-
etry make these constants somewhat uncertain. They
can, however, be shown to be reasonable by compari-
son with other measurements. Compare the mecha-
nism proposed for this reaction with that for the Ce-
(IV)-TI(I) reaction.'!

Ce(IV) + NO;~ :2 Ce(IIT) + NOy (A")

(16) The calculations were performed on an IBM 7094 computer. Details
of the program are contained in the thesis of R. W. Dundon, The Johns
Hopkins University, 1965, obtainable from University Microfitm, Ann Arbor,
Mich.
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TABLE I
OBSERVED AND CALCULATED RATES

lag(11)] [ag(D)] [T(D} R Ry [Ag1n)] (as(n)] {m(D] R, R,y
x10° x102  x10*  xw0®  x10® x10° %102 x0* x0®  x108
0.593 2,15 8.19 0.55 0.58 1.90 1.65 1.59 1.0 1.6
0.593 2.45 17.3 g.92  0.97 1.94 2.15 17.6 8.6 5.1
0.593 2,45 17.5  0.84  0.97 2,17 1.64 4,12 3.0 3.7
1.07 1.64 4,06 1.1 1.2 2,37 0.146 1.6k 6.2 T.4
1.1 0.1k7 1.58 2.3 3.1 2.37 0.146 1.7 6.8 7.5
1.19 0,147 1.68 2.1 3.2 2.37 0.266 1.5% 3.5 6.2
1.19 0,147 3.62 bl 3.9 2.371 9,433 3.87 4.8 1.0
.19 0.226  2.13 2.5 3.0 2,37 0.828  1.00 1.7 2.6
1.19 0.267 1,53 1.1 2.4 2,37 0.828 1,55 2.1 3.5
1.19 0.hk5 1.07 2.k 1.4 2.37 1.57 0.97 1.9 1.5
1,19 o.43k  3.81 1.7 2.9 2,37 1.69 1.34 2.5 1.9
1.19 0.829  0.94 0.k 0.8 2.37 1.69 1.39 2.4 2.0
1.19 0.829  1.k9  0.97 1.2 2,37 1.73 1.62 1.9 2.2
1.2 0,829  3.47 1.7 2.0 2.37 1.69 1.66 1.9 2.2
1.19 ©.825  3.75 1.9 2.1 2.37 1.56 349 3. 3.9
1.19 1.57 0.91  0.55 0.4k 2.37 1.69 L.os 3.3 L1
1.19 1.69 1.28 0.80 0.57 2.37 1.69 4,31 3.6 L.2
1.19 1.69 1.33  0.80 0.59 2.37 1.67 7.79 4.8 5.7
1.19 1.73 1.56 Q.47 0.66 2,37 1.62 8.0k 6.5 5.6
1.19 1.69 1.60 0.60 0.69 2.37 1.57 8.k2 6.4 6.0
1.19 1.75 2,46 1.7  0.96 2.37 1.70 8.75 T.2 5.9
.19 1.56 3.43 1.0 1.h 2.37 1.69 8.77 3.7 5.9
1.19 1.69 3.99 1.1 1.h 2.37 1:57 7.1 12.0 7.h
1.19 1.69 Lh.2s  0.97 1.5 2.37 2.46 1.71 1.1 1.7
1.19 1.66 7.5 2.3 2.1 2.371 2.k5 3.76 2.8 3.1
1.19 1.67 .73 LT 2.2 2,37 2,46 3.90 2.3 3.2
1.19 1.63 8,07 L.6 2.2 2.37 2.h6 10.6 8.2 5.5
1.19 1.57 8.37 L.T 2.3 2.37 2,46  10.8  T.4 5.5
1.19 1.70 8.69 2.L 2.3 2.37 2,46 11,0 6.6 5.6
1.19 .57 7.0 2.k 3.2 2.37 3.16 8.31 5.5 L3
1.19 2.6 1.66  0.50 0.51 2.93 1.69 b.3b 5.k 5.7
1.19 2.45 3,72 6.97T 1.0 2.85 2,45 8.30 7.1 6.3
1.19 2.46 3.8k 0.82 1.0 3.28 1.73 1.67 3.0 3.6
1.19 2.47 10.5 3.0 2.1 3.56 0.265 1.65 8.1 10.3
1.1 247 10,8 2.2 2.1 3.56 0.826  1.06 L. 5.0
1.19 2.L6 10.9 2.0 2.1 3.56 1.57 1.03 3.7 3.0
1.19 2.4 17.0 3.0 2.6 3.56 1.69 1.50 4.0 3.7
1.19 2.k6 7.4 3.0 2.7 3.56 1.69 1,45 41 3.8
1.18 2,45 2k kA 3.1 3.56 1.69 1.72 4.0 4.3
1.19 3.16 0.98  0.28 o.2b 3.56 1.73 1.69 3.0 4.1
1.19 3.16 3.37  0.59 0.76 3.56 2,46 1.77 2.9 3.3
1.19 3.16 3,55  0.75 0.80 3.56 2,45 3.83 6.1 5.6
1.19 3,16 8.25 1.3 1.5 3.56 2.%6 3.96  L,7 5.7
1.1% 3,16 16,9 2.2 2.3 3.56 3.15 1,06 1.8 1.7
1.19 L.66 1.05 0,21 0.18 3.56 3.15 3.67 4.6  u.7
1.19 L6l 355 2.5 2.8 3.56 1,66 1.16 1.3 1.3
1.k2 2.L5 17.5 Lh 3. L.21 1.73 1.72  4.h 5.4
1.7 1.73 1.59 1.1 1.3 Lo7h 2.46 1.83 4.8 5.2
1.62 2.Ls 8.24 3.0 2.9 5.93 3.15 117 3.k L1
1.68 2.45 7.4 5.5 L3 6.32 b.,65 .30 L.k 3.6

6,14 0.873 1.06 11.0 10.8

3

NO; + TI(I) = NO; + TI(II) (B")
4
5

Ce(IV) 4+ TYII) —> Ce(II1) 4+ TI(III) ch
6

Ce(IV) + TII) === Ce(III) + TIII) (D"
7
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From an argument similar to that presented elsewhere, '’
we see that the equilibrium constant in 6 # HNO; for the
reaction

Ce(IIl) + Ag(Il) —= Ce(IV) 4+ Ag(D) (5)

can be obtained from the rate constants for reactions
A and A’ and is equal to kiky’/(ksky’). This combina-
tion of constants can be obtained from the data pre-
sented here and from published values.!! The ratio
ky'/k; can be calculated from the ratios of ky/ks and
ky'/ ks assuming in the latter case that the ratio is inde-
pendent of temperature. The value for k,'/ke is 2.6.
Preliminary measurements performed by Mr. Eugene
Zeltmann to determine k,” at 35.2° permit us to esti-
mate the value of this constant at 26.2° to be 2.8 X
10~7. We thus obtain a value for the equilibrium con-
stant for reaction 5 at 26.2° in 6.18 F HNO; of 3.8 X
108, which is to be compared with a value of 2.34 X 10°
determined by Mr. Zeltmann by emf measurements.
Considering the assumption that k,’'/ks is temperature
independent and the scatter in the present data, the
agreement is within probable error.

The mechanisms proposed for the Ce(IV)-TI(I) and
Ag(IT)~T1(I) reactions appear to bear out the proposal
made by Uri®® that reactions involving strongly oxidiz-
ing cations would be expected to occur vie free-radical
intermediates. It would be of interest to investigate
the Ag(I)-catalyzed reaction of Ce(IV) with TI(I) in
nitric acid to see if the catalysis is perturbed by the
reaction of Ag(IT) to form NOjradical.

(17) J. W. Gryder and R. W, Dundon, J. Am. Chem. Soc., 88, 275 (1966).
(18) N. Uri, Chem. Rev., B0, 375 (1952).
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A new synthesis is described for preparation of boron nitride from the reaction of an alkyl polyborate-ammonia complex

(RO)3B230s'(NH;)s with ammonia in the temperature range of 400-800°.
disproportionation of a trialkoxyboroxine to the corresponding trialkoxyborane and the ammonja complex.

The ammonia complex is obtained vio a novel
Boron nitride

obtained under these conditions possesses a turbostratic structure.

Introduction

A number of preparations for boron nitride have been
reported in the literature during the past 120 years.!—®

(1) A. A. Giardini, U. S. Department of the Interior, Bureau of Mines’
Information Circular, No. 7664, U. S. Government Printing Office, Washing-
ton, D. C., 1953.

(2) P. Popper, Ed., “Special Ceramics,” Heywood and Co., London, 1960,
Chapter 8.

(8) K. M. Taylor, U. S. Patent 2,808,314 (1957); U. 3. Patent 2,855,316
(1958); U. S. Patent 2,888,325 (1959).

(4) T. Renner, Z. Anorg. Allgem. Chem., 298, 22 (1958).

In most of these reactions ammonia is utilized as a
reactant and temperatures of 900-1500° are required
for completion of reaction.

The present work describes a new route for preparation
of boron nitride by the reaction of an alkyl polyborate—
ammonia complex of slightly variable composition
(RO)3B2:034 (NHj3)s with ammonia in the temperature

(5) H. Tagawa and O, Itouji, Bull. Chem. Soc. Japan, 86, 1536 (1962).
(6) T. E. O'Connor, J. Am. Chem. Soc., 84, 1753 (1962).



