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Introduction 

Despite the use of arsenic(III) oxide, AS4O6, by generations 
of analysts as a redox standard, remarkably little is known of 
the aqueous chemistry of As(III). Indeed, less than a decade 
has passed since the structures of arsenous acid and arsenite 
ion in aqueous media were finally established by Raman 
spectroscopy: trigonal pyramidal As(OH)3 and AsO-
(OH)2- .1 .2 

An attempt was made in 1940 to measure the rate of oxygen 
exchange between arsenite ion and solvent water, but the ex­
change proved too fast for the isotopic exchange technique 
used.3 Apparently because nucleophilic displacements on ar­
senite are very rapid, only two kinetic studies of As(III) sub­
stitution reactions have come to our attention and both involve 
As(III) as a catalyst: AsO(OH) 2

- catalyzes the hydration of 
carbon dioxide,4 and As(OH)3 (and perhaps AsO(OH) 2

- ) 
catalyzes the exchange of oxygen between dihydrogen arse­
nate, AsO 2 (OH) 2

- , and water.5 As the first of a series of 
studies of equilibria and kinetics of reactions involving As(III), 
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between arsenite ion and solvent water by 17O magnetic res­
onance line broadening. 

Experimental Section 

Reagent grade sodium arsenite (Baker and Adamson) was used 
without purification for preparation of As(III) solutions. Analysis.of 
this material showed that 23.6 mol % of the As(III) was present as 
AS4O6, the remainder as NaAsO2. 

Solutions for 17O NMR spectra were prepared on a vacuum line. 
A weighed amount of dry sodium arsenite was placed in one section 
of a Y-shaped sample tube. An aliquot of sodium hydroxide or p-
toluenesulfonic acid solution was pipetted into the other section of the 
sample tube and the water pumped off. About 2 g of nO-enriched 
water (ca. 5% enrichment) was then distilled under vacuum into the 
sample tube. The 17O water reservoir was weighed before and after 
the distillation so that the molal concentration of As(III) could be 
computed. The enriched water was recovered after running the spectra 
and used for subsequent samples. 

17O NMR spectra were recorded at 7.5 MHz (13 kG) on a Varian 
wide-line NMR spectrometer equipped with a 12-in. magnet and flux 
stabilizer. To ensure rf stability, the Varian V-4210A variable fre­
quency unit was locked to an external frequency synthesizer (Syntest 
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Table I. Concentrations of As(III) Samples 

Sample no. 

1 
2c 

3 
4 
5 
6d 

7 

CAS, m 

0.608 
0.610 
1.11 
2.03 
3.08 
3.08 
4.10 

Pa" 

0.0318 
0.0319 
0.0566 
0.0989 
0.1427 
0.1427 
0.1814 

^ a c i d 

0.08 
0.61 
0.24 
0.10 
0.10 
0.30 
0.09 

" Fraction of oxygen at arsenite sites. * Fraction of As(III) in form 
of As(OH)3. c 0.23 m in p-toluenesulfonic acid. d 0.20 m in p-tolu-
enesulfonic acid. 

Corp.). The sideband method of detection was employed under con­
ditions of high frequency, low amplitude field modulation using a 
modulation frequency of 1000 Hz. The center band of the first ac 
component was rejected by detecting in phase with the modulation 
frequency. The two side bands served as an internal calibration for 
each spectrum. 

Sample temperature was controlled with a Varian variable tem­
perature accessory employing heated or cooled nitrogen and was 
measured by placing a copper-constantan thermocouple between the 
sample tube and the Dewar walls. 

Viscosities and densities of arsenite solutions in normal water were 
measured as functions of temperature using an Ostwald viscometer 
and a pycnometer. 

Results 
17O NMR spectra were measured at temperatures ranging 

from 10 to 90 0 C for seven different samples having As(III) 
concentrations up to 4.10 m. Sample concentrations are given 
in Table I. Signal-to-noise ratios ranged from about 8:1 to more 
than 100:1 depending on the line width. However, only the 
resonance due to solvent water was observed; the arsenite 17O 
resonance was probably too broad to be detectable. All spectra 
were recorded in quadruplicate; line widths were measured for 
each recording and averaged. Average observed line widths 
are given in Table II and are plotted vs. temperature in Figure 
1. 

The viscosities of solutions comparable to samples 3, 4, 5, 
a.nd 7 were measured and fitted to the empirical equation 

In(T;/7) = a + P/T + y/T2 (1) 

Table IL 17O NMR Line Widths" 

T, K 7V^ TYK T2-" 

Sample no. 1 
281.9 
293.4 
303.2 
313.4 
324.5 
335.1 
343.6 
355.0 
365.7 

278 ± 9 
203 ± 5 
154 ± 5 
122 ± 3 
98 ± 5 
92 ± 2 
87 ± 2 
87 ± 1 
94 ± 2 

Sample no. 2 
282.5 
290.7 
303.2 
313.2 
323.3 
333.3 
343.4 
351.5 
358.2 
363.1 

257 ± 22 
204 ± 14 
150 ± 4 
123 ± 4 
105 ± 5 
92 ± 2 
89 ± 1 
87 ± 2 
89 ± 2 
93 ± 2 

Sample no. 4 
283.0 
293.1 
302.6 
313.5 
323.3 
333.4 
344.1 
354.3 
365.5 

385 ± 12 
275 ± 10 
226 ± 8 
195 ± 6 
185 ± 6 
192 ± 2 
214 ± 7 
252 ± 12 
315 ± 11 

Sample no. 5 
281.2 
293.1 
302.9 
313.4 
322.6 
333.5 
343.9 
354.3 
365.7 

582 ± 17 
402 ± 17 
305 ± 10 
262 ± 12 
250 ± 15 
276 ± 4 
338 ± 12 
411 ± 5 
519 ± 15 
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Figure 1. Measured 17O NMR line widths as a function of temperature. 
Closed circles, samples 1, 3, 4, 5, and 7; open circles, samples 2 and 6. 

by the method of least squares. The parameters a, /3, and y are 
given in Table III. Equation 1 and the parameters of Table IH 
fit the measured viscosities to well within 1%, the approximate 
experimental uncertainty. 

Assuming that oxygen exchange occurs between arsenite 
and solvent water, the width of the water peak is given by6 

T -1 - T -1 4. n "I /T2«-2 + (TqTiq)-1 + AUqh 

(2) 

where 72,o -1 is the line width in the absence of exchange, pa 

is the fraction of oxygen nuclei at arsenite sites, ra is the life-

T, K 7V^ 

Sample no. 3 
285.0 
293.0 
303.2 
313.7 
323.1 
333.5 
343.4 
352.8 
365.3 

265 ± 12 
220 ± 5 
168 ± 2 
139 ± 3 
126 ± 5 
121 ± 2 
123 ± 2 
137 ± 3 
1 5 5 ± 8 

r, K T2-X 
Sample no. 7 

281.7 
292.3 
303.1 
313.7 
323.9 
332.4 
343.5 
354.3 
365.7 

900 ± 39 
650 ± 18 
456 ± 22 
378 ± 5 
363 ± 4 
410 ± 11 
477 ± 11 
633 ± 5 
788 ± 2 1 

Sample no. 6 
282.2 
291.1 
297.2 
306.7 
313.4 
322.6 
333.3 
343.2 
352.8 
365.1 

642 ± 30 
448 ± 23 
367 ± 2 1 
339 ± 7 
292 ± 10 
300 ± 12 
341 ± 12 
389 ± 26 
478 ± 18 
568 ± 17 

0 In units of rad s_1. 
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Table III. Empirical Viscosity Parameters" 

CAs, m a 10~3/? ICT6Y 

1.02 -13.978 -1.459 0.574 
2.03 -13.967 -1.433 0.598 
3.05 -12.806 -2.164 0.747 
4.07 -11.774 -2.830 0.892 

0 For rj in units of kg m 1S ' and T in K, see eq 1. 

Table IV. Least-Squares Line Width Parameters" 

10-5/4, 
kg"1 K-' 

296 ± 3 
273 ± 3 
425 ± 5 
377 ± 2 
353 ± 6 
379 ± 14 
352 ± 8 

AS*, 
J K-1 mol-1 

-104 ± 12 
— 134 ± 6 
-106 ± 6 
-103 ± 1 
-95 ± 4 

-104 ± 7 
-93 ± 5 

AH*, 
kJ mol-1 

30 ± 4 
19±2 
28 ± 2 
28 ± 1 
31 ± 1 
27 ± 3 
31 ± 2 

a See eq 4. 

time of an oxygen nucleus at an arsenite site, T'2a is the 
transverse relaxation time of an oxygen nucleus at an arsenite 
site, and Acoa is the chemical shift, relative to water, of oxygen 
at an arsenite site. 

In the slow exchange limit, where ra~
l is small compared 

with either T2a~
x or | Au>„|, eq 2 reduces to 

T2-
1 = T21Q-1 +para-

x (3) 

Values of T0T
1, obtained assuming the validity of eq 3, range 

up to about 4 X 103S - 1 . 7"2a
_1 is certainly greater than r 2 ,o - 1 , 

but it seems unlikely to be even as large as T Q
- 1 , at least at the 

higher temperatures. Thus the validity of eq 3 relies on the 
assumption that | Au;a| » ra~

l. Oxy anion 17O chemical shifts 
are generally downfield from water by 200 ppm or more;7 thus 
at 7.5 MHz, |Awa | is probably greater than 104 rad s - 1 . 
However, if the arsenite chemical shift is as small as —200 
ppm, Ta~

l could be underestimated by as much as 25%. 
In the concentration range studied, 0.6-4.1 m, the solution 

viscosity is strongly dependent on arsenite concentration, so 
that 7"2,O-1 cannot be measured independently on arsenite-free 
solutions. Thus, as a first step in the data analysis, it was as­
sumed that 72,O-1 is proportional to 77/ T and that r a

- 1 is given 
by an absolute rate theory expression. The measured line 
widths were then fitted to the equation 

T2~
l=A(v/T) 

+ pa(kBT/h) exp(AS*//?) exp{-AH*/RT) (4) 

by a nonlinear least-squares procedure. The resulting least-
squares parameters (A, AS*, and AH*) are given in Table IV. 
The variation in the values of A probably reflects (1) contri­
butions to the viscosities from acid or base added to the NMR 
samples and (2) possible errors in extrapolation of viscosities 
for samples 1 and 2, which lie somewhat outside the range of 
the viscosity measurements. The temperature dependence of 
TJ/ T should be nearly correct, however, and the low-tempera­
ture fit is well within experimental error in all cases. The pa­
rameter A is determined primarily by the low-temperature 
points and is relatively independent of the kinetic parameters. 
Although the fit to the high-temperature points is good as well, 
the activation parameters neither are constant nor do they 
exhibit any sensible trend. 

Assuming that A(rj/T) is a good approximation to T^.o-1, 
Ta~

x can be computed from eq 3. These values of Ta~
l> which 

may be regarded as pseudo-first-order rate constants, are 
plotted against the concentration of As(III) for samples 1, 3, 
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CA,(m) 

Figure 2. Observed rate constants, ra
_1, as a function of total As(III) 

concentration at six temperatures. Closed circles and straight lines, samples 
1, 3, 4, 5, and 7; open circles, samples 2 and 6. 

4, 5, and 7 in Figure 2 for data at 40 0 C and above (60 0 C and 
above for sample 1; the kinetic contribution to the line widths 
is negligible at lower temperatures). As is seen, there is an 
excellent linear correlation between r a

_ 1 and arsenic con­
centration, suggesting that both first-order and second-order 
exchange pathways are important. Indeed, absolute rate theory 
plots (Figure 3) of the intercepts {k\ with units of s - 1) and the 
slopes (k2 with units of m - 1 s - 1 ) of Figure 2 give satisfactory 
straight lines and activation parameters: ASi* = - 1 2 0 ± 3 
J K-1 mol- ' , AH2* = 25 ± 1 kJ mol - 1 for the first-order 
process; AS2* = - 1 0 2 ± 10 J K"1 mol"1, AZZ2* = 33 ± 4 kJ 
mol - 1 for the second-order process. These parameters can, of 
course, be used to compute r a

- 1 and, together with the values 
of A given in Table IV, are responsible for the solid curves of 
Figure 1. It should be noted that if systematic error due to the 
approximate nature of eq 3 is significant, then values of Ta~

] 

for the high-concentration, high-temperature points are un­
derestimated; thus, if anything, the second-order pathway is 
even more important, the activation enthalpy may be larger 
than 33 kJ mol - 1 , and the activation entropy may be less 
negative than —102 J K - 1 mol - 1 . 

Values of r a
- 1 for samples 2 and 6, which were slightly 

acidified withp-toluenesulfonic acid, and thus had significant 
concentrations of As(OHh, are also plotted in Figure 2 but 
were not included in the least-squares fit resulting in the 
straight lines of the figure. It is apparent that oxygen exchange 
is somewhat faster in the more acidic solutions, and the rather 
limited data available suggest that exchange with As(OH)3 

is faster than with AsO(OH)2" by a factor of 3 or 4. However, 
because of the low solubility of As4O6, the experiments could 
not be extended to lower pH, and the data are not sufficiently 
accurate to establish a rate law which distinguishes between 
As(OH)3 and AsO(OH) 2

- . The results presented here thus 
refer, within reasonable error limits, to exchange between 
water and AsO(OH)2 - . 

Discussion 

The observed first-order oxygen exchange process pre­
sumably corresponds to a nucleophilic displacement by water 
on arsenite. Entropies of activation for bimolecular nucleophilic 
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Table V. Rate Constants for Oxygen Exchange at 30 ° C 

Reactants 
Ionic 

strength Ref 

AsO4
3- + H 

AsO3(OH)2' 
AsO2(OH)2" 
AsO(OH)2

-

AsO3(OH)2 

AsO3(OH)2 

AsO2(OH)2 
AsO2(OH)2 
AsO2(OH)2 
AsO3(OH)2 

AsO(OH)2-

2 0 
' + H2O 
" + H2O 
+ H2O 

" + AsO3(OH)2" 
" + AsO2(OH)2-
" + AsO2(OH)2-
" + As(OH)3 
" + AsO(OH)2-
" + As(OH)3 

+ AsO(OH)2-

1.5 X 1 0 - 6 S - ' 
1.2 X 1 0 - 5 S - ' 
1.0 x 1 0 - 4 S - ' 
167 s - ' 
8.5 X 1 0 - 6 M - 1 S - ' 
6.4 X 1 0 - 3 M - ' s - ' 
7.4 X 1 0 - 2 M - ' s - ' 
6 . 8 M - ' s - ' 
< 7 M - ' s - ' 
< 2 X 1 0 - 2 M - 1 S - ' 
69 m - ' s _ 1 

0.55 
0.55 
0.55 

0.55 
0.55 
0.55 
0.20 
0.20 
0.20 

Th 

Th 

11 
11 
11 

is work 
11 
11 
11 
5 
5 
5 

is work 

displacement reactions in aqueous solution are typically on the 
order of —50 to —70 J K - 1 mol - 1 ,8 considerably less negative 
than the value found in this case, —120 J K - 1 mol - 1 . This 
suggests that an additional solvent molecule may be involved. 
Indeed, nucleophilic displacements known to be termolecular 
have entropies of activation in the range —90 to —140 J K - 1 

mol - 1 .9 Involvement of a second water molecule undoubtedly 
facilitates proton transfer in a transition state which we for­
mulate as 

H 

^PH As 
\ 

O' 

H ! O—H 

"+- X°\ 
.H—O---H H 

The second-order oxygen exchange pathway must corre­
spond to the process 

2AsO(OH)2" +=* H2O + As 2O 3 (OH) 2
2 - (5) 

k-2 

The entropy of activation for the second-order process. —102 
± 10 J K - 1 mol - 1 , is subject to some uncertainty and could be 
rather less negative if the chemical shift of arsenite oxygen is 
on the order of —200 ppm (see discussion in Results section). 
It would appear therefore that the process is most likely a bi-
molecular nucleophilic attack of arsenite on arsenite to form 
an oxo-bridged dimer. Since the Raman studies of Loehr and 
Plane1 failed to produce evidence of condensed arsenites at 
concentrations up to 5 M, the equilibrium constant for reaction 
5 must be less than about 0.01 and the hydrolysis rate constant, 
k-2, therefore greater than about 7 X 103 s - 1 at 30 0 C. This 
rate is considerably faster than the first-order rate of oxygen 
exchange at that temperature, k\ = 167 s_ 1 , presumably re­
flecting the fact that arsenite is a better leaving group than 
hydroxide and suggesting that extra solvent participation may 
not be required. A similar effect is seen in the corresponding 
As(V) case. The rate of hydrolysis of pyroarsenate 
As2O6(OH)- is about 0.06 s - 1 at 30 0 C, 1 0 almost three orders 
of magnitude faster than the first-order rate of oxygen ex­
change with AsO 2 (OH) 2

- (see Table V). 
The rate law found for oxygen exchange with arsenite is 

reminiscent of the results of a recent study of oxygen exchange 
with arsenate(V).11 The rate constants for the various path­
ways found in the latter case are given in Table V along with 
the rate constants for arsenite oxygen exchange extrapolated 
to 30 0 C. Both first- and second-order processes for arsenate 
are very much slower than for arsenite. The difference is at­
tributable mostly to significantly larger enthalpies of activation 
in the case of arsenate, confirming the expectation that 
As(V)-O bonds are significantly stronger than the corre­
sponding As(III)-O bonds. 

Of considerable interest is the observation that the arsenate 
exchange process is catalyzed by As(III).5 The rate constant, 

Figure 3. Absolute rate theory plot of first- and second-order rate constants. 
The straight lines are least squares fitted to the points with weights in­
versely proportional to the variances. 

6.8 M - 1 s - 1 (30 0 C), for the pathway AsO 2 (OH) 2
- + 

As(OH)3 (and the probably somewhat smaller rate constant 
for the pathway AsO 2 (OH) 2

- + AsO(OH) 2
- ) seem to be 

significantly smaller than the second-order arsenite oxygen 
exchange rate, about 70 m~l s - 1 , at the same temperature. 
Arsenite must be the nucleophile in both cases, but the sub­
strate is arsenate in one instance and arsenite in the other. 
Again the relative strengths of the As(V)-O and As(III)-O 
bonds are significant. This is reflected by the enthalpies of 
activation: about 50 kJ mol - 1 for the arsenite-arsenate reac­
tion compared with 33 kJ mol - 1 for the arsenite-arsenite re­
action. 

Arsenite ion is known to catalyze the hydration of carbon 
dioxide: 

AsO(OH)2-
CO2 + H2O >- H2CO3 

This process is first order in both CO2 and AsO(OH) 2
- with 

a rate constant at O 0 C of about 4 M - 1 s - 1 .4 The probable 
mechanism of the reaction is12 given in eq 6 and 7. Assuming 

AsO(OH) 
fast 

+ CO2 ; = * O2COAs(OH),- (6) 

O2COAs(OH)2 + H2O 

0—H 

C—O-j-As—0—H 

H 0—H 

H - O - - H 

HCO3" + As(OH)3 (7) 
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that step 6 is a fast equilibrium, the observed rate constant is 
^obsd = K(,k-i. The transition state of step 7 is similar to that 
postulated for the first-order oxygen exchange process, but with 
HCC>3~ as the leaving group instead of water. The rate con­
stant kj is thus expected to be somewhat smaller than k\, the 
oxygen exchange constant, which is about 50 s _ 1 at 0 0 C. Al­
though the numbers are consistent with the proposed mecha­
nism, further discussion must await the results of studies of 
related systems which are in progress. 
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The spontaneous resolution of tris(ethylenediamine)-
zinc(II) ion in the hexagonal crystals of the nitrate salt provides 
a unique opportunity to observe the natural optical activity of 
the intrinsically achiral nitrate ion. The lowest electronic 
transition of N O 3 - is observed at ca. 3.3 ^m"1 , with an ab­
sorptivity sufficiently low to be amenable to measurement in 
single-crystal absorption studies.1'2 However, with the ex­
ception of Zn(en)3(N03)2 and its nickel(II) and cobalt(II) 
analogues, no other incidence of enantiomorphous uniaxial or 
cubic crystals of nitrate salts are known, and the brief de­
scription of the circular dichroism of the zinc crystal in the first 
paper of this series3 is the only previous mention in the litera­
ture of the natural optical activity of the N O 3 - ion. 

Although the 3.25 ^ m - 1 band of the N O 3 - ion is also ob­
served in the absorption and CD spectra of Ni(en)3(N03)23~5 

and Co(en)3(N03)2,3,6 ligand field absorption and charge 
transfer, respectively, partially mask its contours in these 
crystals. However, Zn(en)3(N02)3, with its d10 metal ion and 
relatively high energy charge transfer, is devoid of other ab­
sorption in the 3.0-4.0 / im_ I region, and thus is more suitable 
than the other members of the series for studying the N O 3 -

band. The combination of linear and circular dichroism (LD 
and CD) measurements of this band at ambient and cryogenic 
temperatures is reported here along with discussion of its as­
signment in light of these results. 

Experimental Section 

Single crystals of Zn(en)3(N03)2 with dimensions perpendicular 
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to the needle (c) axis of 2-4 mm were grown by slow evaporation of 
aqueous solutions. For axial spectra, sections (ca. 0.5 mm thick) were 
cut with a thread saw and polished on a water-dampened fine polishing 
cloth. The perpendicularity of the polished faces to the c axis was 
checked by observing the centering and perfection of the uniaxial 
interference figure from both directions. Orthoaxial (LD) spectra were 
measured on crystals as grown or polished to appropriate thickness, 
(ca. 0.3 mm). 

Absorption spectra were measured using a Cary 14R spectropho­
tometer and associated accessories, and CD spectra were obtained on 
a Durrum-JASCO ORD/CD-5 circular dichroism recorder with 
SS-20 modification, all as previously described.7'8 

Values of Ae were derived from the instrumental data by the rela­
tionship Ae = 0(33c/)-1, where 4> is the ellipticity in degrees taken 
from the chart, c is the molar concentration, and / is the path length 
(cm). (The output of the JASCO instrument with the SS-20 modifi­
cation is in degrees ellipticity.) The instrument was standardized 
against J-10-camphorsulfonic acid, for which the most recent and 
reliable value for [8] = [<p]U X IO"2 = 330OAe, is given by Wong9 

as +7260degcm2dmol_1. Formulas used for calculation of/, D, R, 
and g have been given previously.6 

Results 

Spectral results in terms of the integrated band intensity (/), 
dipole strength (D), rotational strength (R), and anisotropy 
factor (g) are given in Tables I and II. The strong temperature 
dependence of intensity in both absorption and CD should be 
noted. In addition, all spectra exhibit well-developed pro­
gressions of vibronic structure at liquid helium temperature 
(5 K), as shown in Figures 1 and 2. Table III lists the energies 
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Abstract: The nature of the lowest observed electronic transition of the nitrate ion has been reinvestigated by measurement of 
the orthoaxial linear dichroism (LD) and axial absorption and circular dichroism (CD) of the enantiomorphous crystals of 
tris(ethylenediamine)zinc(II) nitrate at temperatures from ambient to 5 K. The data support the assignment of the transition 
as 1A1-^-1A1 (a'2(7r*)«-a'2(n)). In-plane intensity in the LD spectrum is analyzed in terms of the C^ symmetry of the excited 
state and vibronic perturbation by two t modes, consistent with the vibronic structure observed at 5 K. The much stronger out-
of-plane intensity is shown to be consistent with interaction between NO 3

- ions to form a dimer of Z)3 symmetry. 
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