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Muonium Reactions with Oxalic Acid and Oxalate lons in Water: Huge Kinetic Isotope

Effects When Compared with H
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The reactions of muonium atoms with the individual speciesG®QD,H, HO,CCO,~, and "O,CCQO,™ at

~295 K in water have absolute bimolecular rate constants of 5.6, 0.71, and>0.084M 1 s71, respectively.

No such 100-fold pH-dependence has hitherto been seen for muonium, although lg aaidaeshow large

pH effects in reactions with oxalic acid. Arrhenius plots for the muonium reactions at pH3, and 8 show

the unusually small activation energies®17 kJ/mol for all three acidbase forms of oxalic acid. When

the reaction rate of muonium is compared with published data on ordinary H atoms=atlp{37% oxalic

acid and 43% hydrogen oxalate ions), one obtains a kinetic isotope effect of 850 favoring muonium. For the
dianion at pH= 7, the muonium-to-H rate ratio i58300. These seem to be the largest primary kinetic
isotope effects ever reported. The reaction is taken to be addition of muonium to one eEMeGups,

and the large isotope effect and sntalsuggest considerable contributions from quantum mechanical tunneling.

Introduction

Experimental Section

This is a study of the pH-dependence of the reaction between These experiments were performed with beams of positive
oxalic acid and the muonium atom in water, muonjum (Mu) Muons on the M9B channel at the TRIUMF cyclotron with the

being the light radioactive H isotope with a positive muon as Sfumu” backward-muon counting equipment. The experiments

nucleus! Oxalic acid is of interest because in a survey of

biochemicals it showed an unusually large pH-dependence and€lds SR

isotope effect in its reaction with M41.

H atom reactions in water have usually been measured at

pH ~ 1, because H is most easily produced in acid solution
from hydrated electrons formed by radioly3i§. Mu atoms
are produced with no such pH restrictions (except atpHo,
where Mu reacts with OH according to the reaction Md-
OH™ — MuOH + e4"), so their reactions have usually been
studied at the natural pH of the solute. Mu generally shows no
significant pH-dependence, and only a small one was found for
the overall reaction rate of Mu witlp-aminobenzoic acid
(although the position at which Mu added to the benzene ring
changed substantiall§).Any pH-dependence in the acid region
that does occur is almost certainly not a direct effect dfdt

utilized the muon-spin-rotation technique in transverse magnetic
)1.89 Absolute rate constants for muonium atoms
reacting with an added solute in water were determined in the
conventional way from the relaxation of the muon spin
precession signal in fields of about 8 G. The count rates in
each of at least two detectors were fitted separately to eq 1 to
obtain the exponential relaxation constanof the muonium
amplitudeAw,

N(t) = Nog "[1 + A cos@pt+ep) +
Ave " cosyt—gy)] + Bg (1)
whereN(t) andNg are the count rates at timésndt = 0, 7,

is the mean muon lifetime (2.2s), Ap, wp, and ¢p are the
amplitude, precession frequency, and initial phase of the

the reacting free atoms themselves (such as the formation ofgiamagnetic componeny, wu, andgy are the corresponding

MuH™), but on the relative reactivities of Mu with the neutral
and deprotonated forms of the solutes.

Hydrogen atoms react only slowli(= 4 x 1 M~1s™1)
with oxalic acid and at least an order of magnitude slower still
with oxalate ion$. This reaction of H with oxalic acid has been
shown to correspond to an “addition” reaction to a carbonyl
group of one of the carboxylates, to give the H adduct free
radical HQCC(OH),.45 There was no evidence for the occur-
rence of an H atom abstraction reaction to giveatipH= 1.7

Mu usually reacts faster than H in addition reactions (due to
its higher tunneling efficiency) and slower in abstraction
reactions (due to the Mu adduct having a higher activation
barrier)8
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parameters of the Mu component, éBglis a background count
rate.

The muonium bimolecular rate constaky) comes from the
relationshipky = (A — A0)/[S], wherel, is the “background”
value of 1 in the water used at each particular pH when the
solute concentration [SF 0. Each pH was studied at three or
four different concentrations of oxalate, with plotsiofiersus
[S] used to determinky. Typical examples are shown in Figure
1.

Experiments were conducted at temperatures ranging from 5
to 90°C in highly purified deoxygenated water. Reagent-grade
sodium oxalate was used as solute with the pH adjusted by the
use of Analar-grade HCl and NaOH pellets. The actual pH was
measured for each solution studied using a calibrated pH meter.

Results

The uSR technique gives an overall second-order reaction
rate constant corresponding to the observed rate of disappearance
of Mu atoms as a result of the presence of a solute. This
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Figure 1. Typical plots of A versus total concentration of oxalate
species added (in acid solutions~a295 K): at pH= 0.5 (triangles)
and at pH= 1.1 (circles).
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Figure 2. Arrhenius plot ofkes against 1T for the reaction of Mu
atoms with oxalic acid/oxalate ions in water, at gHL.1 (circles), pH
= 3.3 (triangles), and pH= 8 (inverted triangles).

TABLE 1: Values of kq,s Obtained for the Reaction of Mu
with Oxalic Acid/Oxalate lons at Four pH'’s, at ~295 K in
Water

pH KobdM 1571

0.52 (4.8+ 0.4) x 108
1.1 (3.44 0.3) x 108
3.3 (6.8+ 0.7) x 107
8.0 (5.4+ 0.6) x 10°

“observed” rate constant will be designategs to distinguish
it from the eventual calculated breakdown irk@ values for
each of the three species in solution.

Table 1 shows the values kdy,sobtained at room temperature,
~295 K, for each of the four pH'’s studied.

The temperature-dependencekgis is reported in Figure 2
for temperatures between 5 and 9D for solutions at pH=
1.1, 3.3, and 8.0. These data are plotted dslg(versus 1T,
in accordance with the Arrhenius equatiok £ Ae E/RT),
Values for the parameteEs andA were obtained from the slope
of the lines drawn in Figure 2. The results are given in Table
2.

The two acid dissociations of oxalic acid occur withp=
1.23 and K, = 4.191° These allow one to calculate the
distribution of species in solution at any pH for oxalic acid
(H2C,04), the hydrogen-oxalate anion (HQ,~), and the oxalate
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TABLE 2: Observed Arrhenius Parameters (E,, A) from
the Plots of Figure 2 for the Reactions of Mu with Oxalic
Acid/Oxalate lons in Water at pH = 1.1, 3.3, and 8.0 over
the Temperature range 5-90 °C

pH E#/kJ mol? AM st
1.1 ~7 5.5x 1¢°
33 16.7( 2) 6 x 1010
8.0 15.4¢ 2) 3x 10°

TABLE 3: Distribution of the species from the Acid—Base

Dissociations of Oxalic Acid/Oxalate lons in Water at~295

K: c-Values Are the Calculated Fractional Compositions of
the Three Species, Based on the Published Values of thg's
(See Text);c; that of H,C,0,, c; that of HC,0,4~, and ¢ that
of 020427

pH C1 C2 C3
0.52 0.83 0.17 <0.01
11 0.57 0.43 <0.01
3.3 0.008 0.89 0.10
8.0 0 <0.01 >0.99

TABLE 4: Actual Individual Absolute Bimolecular Rate
Constants Deduced for the Reaction of Mu with Oxalic Acid
and Its Two Anions, in Water at ~295 K

reaction kw/M~tst
Mu + H,C,04 ky=5.6x 108
Mu + HC,04~ K =7.1x 10
Mu + C,042 I, =5.4x% 10°

dianion (GO47). The four pH's used in this study were
measured to be 0.52, 1.1, 3.3, and 8.0. The corresponding
calculated fractional compositions)(at these four pH's are
given in Table 3.

Discussion

(i) Individual Rate Constants. A strong pH-dependence on
the observed rate of reaction of Mu is foun#s,s decreases
from4.8x 18 M-1slatpH=0.52t054x 1°M~1stat
pH = 8. Since the degree of dissociation changes with pH,
these values df,psare the weighted averages of the individual
rate coefficients with each oxalate species in solution at a
particular pH.

There are three distinct reactions to consider:

(i) Mu + H,C,04 — Mu adduct, with rate constaik,

(i) Mu + HC,O4~ — Mu adduct, with rate constalkf,I

(iii) Mu + C,04~ — Mu adduct, with rate constallrf',I
where each Mu product is very probably a Mu radical formed
by Mu adding into the &0 of a carboxylate group, resulting
in a C-centered Mu radical with Mu attached to an O atom as
in HO,CC(OMu)OH (by analogy with ¥5). At any pH, Kops
will be the sum of the three components in eq 2,

Kobs = Ciky + Cokgy + Coky )

wherecs, ¢;, andcs are the fractional compositions of the three
species as calculated from tKg's, and given in Table 3, for
each pH. Fitting all four pH’s together gives the values for the
individual ky's reported in Table 4.

These are absolute, bimolecular, rate constants for the reaction
of Mu with the three individual oxalic acid species, HECOH,
HO,CCQO,~, and~0O,CCO,~. ky is seen to decrease by a factor
of 8 for loss of the first proton and by a factor of 13 for the
second. This undoubtedly stems, at least in part, from the
progressive delocalization of tieelectron density in the anions,
thereby making them less susceptible to addition reactions. It
is also consistent with Mu’s nucleophilicify. The magnitude
of this pH effect is unprecedented for Mu reactidrii$;8°but
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TABLE 5: Comparisons of kops for Mu with Published Data
on H and Hydrated Electrons (e,4) and the Observed
Kinetic Isotope Effects (Mu/H) at pH = 1 and =7

observed’s pH~1 pH~ 3 pH=7
Kobs (Mu) 3.4x 10° 6.8 x 107 54x 10°
Kobs (H)? 4 x 10 <4 x 10
kobs (eaqi)b 2.5x 1010 3 x 1@ 3 x 107
Kobs (Mu)/Kobs (H) 850 >300
Kobs (€aq~)/Kobs (Mu) 73 44 55

aFrom refs 3 and 42 From ref 12.

it is comparable to that found for H atoms angd en the case
of oxalic acid (see later, Table 5), so it is a peculiarity of oxalic
acid rather than of Mu.

(i) Arrhenius Parameters. Figure 2 shows the dependence
of In(kopg ON 17T at pH= 1.1, 3.3, and 8.0. At pH 3.3 and
8.0 the plots are reasonably linear, but at pHL.1 there is a
monotonic indication of a concave-downward curvature.

Stadlbauer et al.

reactions of the isotopic atoms themselves. The “observed”
ratios, given as lighter-over-heavier, are shown in the fourth
row of Table 5 for oxalic acid and oxalate. For pHl, where
reactions i and ii both occur, Mu wins by a factor-e850. At

pH = 7, where only reaction iii occurs, Mu wins by a facter
300.

No prior examples seem to exist for the Mu rate to exceed
that of H by more than~1(?18° for the same reaction
mechanism. So these may be the largest primary kinetic isotope
effects ever reported, because the isotopic mass ratio of Mu/H
of 1/9 (1/27 for Mu versusH) so greatly exceeds the isotopic
mass ratios of all other atoms.

(iv) Comparison of Mu with eaq~ and H. Table 5 also
shows the observed hydrated electron reaction rates toward
oxalic acid and the two oxalate iof. Again, there is some
uncertainty about the exact pH and hence about the distribution
of reactive species, but the basic message is clegr: reacts
much faster than Mu with $C,04 and HGO,4~, as shown in

At pH = 1.1 there are two species present in comparable the |ast row of Table 5. It even reacts times faster than Mu

amounts, HC,O,4 (57%) and HGO,~ (43%). It is improbable

with C,04%~ dianions, despite the electrostatic repulsion between

that the separate reactions involving these two species (i andC,0,2~ and eq -

i) have the samé=, and/or A values, so a simple Arrhenius
plot should not be linear. In additiofK,, and K, will have

This places Mu betweefH and g4 in their reactivities
toward oxalic acid and its anions. This is not the first time we

differentT-dependences, so the composition also changes withhave noted that Mu lies squarely between H agg én its
temperature, and this leads to further nonlinearity. All one can fundamental reactivity, because, in the acid-test of how Mu

conclude is that the pi#= 1.1 data in Figure 2 shows a slope

reacts in the competition between®and 2-propanol, Mu lay

that is shallower than that of the two higher pH's, and thus its directly between ther®

E, value is smaller. For the computer-drawn line shotis
a mere 7 kJ/mol.

At pH = 8, however, the dianion is the only species present,

so theE,; = 15.4 kJ/mol obtained from the slope at pH 8
represents only reaction iii. A similar situation occurs atpH

Oxalic acid and its anions thus afford extra evidence for this
basic picture of Mu. Its reactions at room temperature are
governed by Mu’s intermediate quantum mechanical charac-
ter: it reacts faster than H but slower thag efor reaction
paths in which tunneling plays a significant role.

3.3, where 89% of the species present are hydrogen-oxalate

anions, and most of the rest are the dianions with virtually the

sameE, So, even if the acid dissociation constants alter
significantly with temperature, it remains very probable that
reactions ii and iii havedey's between 15 and 17 kJ/mol.

The important points to be gleaned from the Arrhenius
parameters (Table 2) are the following: (a) All of tBgs are

small: comparable to, or less than, those of diffusion-controlled

reactions of Mu in water+16 kJ/mol due to the viscous energy
barrier to diffusion in wateé¥)). (b) Theseky's are 2-4 orders

of magnitude slower than the limits imposed by diffusion alone,
so their smallEy's suggest the reactions are not simple one-
step activation-controlled reactions (whé&ig~ 30—40 kJ/mol

are typicat'?). (c) These facts may suggest a composite effect,
such as that resulting from the occurrence of a relatively long-

lived Mu—oxalato complex as intermediate. In analyzing the
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