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Arrhenius parameters for the reaction of hydrogen atoms with NBNO,, and NQ~ in agueous solution

have been determined by the use of pulse radiolysis and electron paramagnetic resonance free induction
decay attenuation measurements. At Z&0the calculated rate constants for these compounds are+45.61

0.51) x 1%, (3.86+ 0.09) x 1, and (1.62+ 0.05) x 10° dm? mol~! s7* respectively, with corresponding
activation energies of 48 1.0 (15.2-84.5°C), 21.54+ 0.69 (5.9-62.8°C) and 15.59+ 0.36 (6.2-86.8

°C) kJ molt. Computer modeling of these systems suggests khatom reaction with either anion directly
produces hydroxide anion and the corresponding N@ical.

Introduction hydrogen atom with the nitrate and nitrite anions, as well as
. ) ) ~_nitrous acid. Direct EPR detection of the decay of the hydrogen

The complex decomposition chemistry of nitrate and nitrite 510 following pulse radiolysis was the monitoring method of
has been investigated for many years, with demonstratedchgjcel4 15 hecause conventional pulse radiolysis/optical tran-
importance in a variety of fields ranging from atmospheric  gjent absorption methodology is difficult to use given the weak
chemistry? to high-temperature combustion systehiecent  gpsorption of the reactant and product species at very short
studies have especially illustrated the importance of the radia- wavelengths. The pulsed EPR-based free induction decay (FID)

tion-induced decomposition of these two compounds in the gienyation methdd 20 was used because of the pseudo-first-
nuclear field, where the presence of nitrate, for example, hasorder scavenging kinetics generally obtained.

been proven to influence the rate of molecular hydrogen
production in both high level liquid nuclear waste storaged Experimental Section

upon the start up of nuclear power reactors.
P P P The procedure used for these EPR experiments has been

Despite over 30 years of investigation, there are still many described in detail in several previous publicatiéh2? and

uncertainties in the aqueous radiation chemistry of these two : Ay /
compounds. The hydrated electron has been shown to add tothus only a brief description shall be given here. Hydrogen

both aniong;” with established room-temperature rate constants atoms were generated in aqueous solution within an EPR cavity
of 9.7 x 10° dm® mol-L s-1 and 3 5x 10° dm® mol-L s-1 for by pulse radiolysis, using 3 MeV electrons from a Van de Graaff

nitrate and nitrite, respectivelyand the activation energy for accelerator. Stock solutions were prepared by addition of HCIO
nitrate reaction v’vas gleterminid as 16.0 kJ ‘rﬁcﬂvergt);e (0.10 mol dm, Mallinkrodt A. R. Grade, 69.05%) or borax

) 2 3 il -
temperature range 28363 K? Nitrite reaction with the buffer (1.00x 10°* mol dm *, Baker Analyzed) to Millipore

hydroxyl radical occurs with a rate constant of QL0 drr? filtered water. Known volumes of this solution were added to
mol~! s7%10 however, no reaction of this radical with nitrate the recirculating system, and then de-oxygenated using argon
has been,observéél T’he many investigations of hydrogen atom (g cid solution) or I\,i.O (borax buﬁergd). Exact acid concentra-
reaction with thesé two anions have given a wide range of tions were determlqed by_ calculation from standard|zat|on _of

. : the concentrated acid against 1.029 N HCI (Aldrich, volumetric
reported rate constarftd2with all studies performed near room

temperature. The one direct electron paramagnetic resonanc standard). The solution was flowed through a flat cell in the
P ) P ag ecavity at a rate sufficient to ensure that each cell volume was

(EPR) measurement of hydrogen atom reaction rate Co.nStantScompletely replaced between pulses. The actual volume irradi-
for these two compounéds gave a nitrate concentration- ated in each pulse was less than 0'10 mL
d_eper_1der_1t rate constant that was much lower than the competi- The approximate average radiatic;n dosel for this cell volume
tion-kinetics values. o » . was 1.5, 3.0, and 7.0 krad/pulse for the 12, 25, and 55 ns pulses

In order for the radiation-induced decomposition of nitrate seq, respectively. For extrapolation to obtain the limiting, zero
and nitrite to be properly evaluated under the conditions of ysse rate constants (see later), the relative dose values used
importance, accurate, temperature-dependent, rate constants fQgere simply the average beam currents measured on a shutter
their reaction with all of the primary water radiolysis species pqsitioned before the irradiation cell for the three pulse widths.
need to be known. In this study, we have measured the These values were checked frequently to monitor any small drift
temperature-dependent rate constants for the reaction of thgn the peam. A 35 ns microwave probe pulse was applied to
the sample immediately after irradiation, and the resulting free

* To whom correspondence is to be addressed. _ ~ induction decay of theH atom low-field fn = ;) EPR

" Work performed at Argonne under the auspices of the Office of Basic tyansition recorded on a digital oscilloscope. Typically 500
Energy Sciences, Division of Chemical Science, U.S. DOE, under Contract -,
W-31-109-ENG-38. 2000 pulses were averaged to measure each FID, at a repetition
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Figure 1. Dose dependence of the agueous hydrogen atom scavengin igure 2. Rate constant _extra_\polatlons to zero dose for aqueous
rate constant determination for nitrate ion reaction at pH 1.0 and 22.34;3{(:{;2%‘3” atom reaction with nitrate at pH 1.0 and ZL3(®) and
°C using the Van de Graaff 55 nlf, 25 ns @), and 12 ns ) pulse 4 (m). Error b_ars sh_own correspond to one standard deviation
widths. Solid lines are linear fits corresponding to calculated rate ©Ptained from the linear fit to the FID scavenging plots.

constants of (7.13 0.18) x 1%, (6.044 0.20) x 1%, and (5.13+ 10.0
0.31) x 10° dm?® mol~* s7%, respectively.

Scavenging experiments were performed by successive injec- \

tions of concentrated, standard solutions of new KKi&drich, ~ 90 T
99.99%) and NaN@(Aldrich, 98.8%) to the pH-adjusted stock 2
water. Accuracy of these concentrations is estimated at better g
than 2%. ‘e 80 'S 8
All ab initio calculations were carried out using the SPAR- 2
TAN molecular modelling program of Wavefunction, I#c. &
2 ot i
Results
‘H Reaction with NO3~. The general expression for the
effective damping rate of the FID in these experiments is given T T T e s e as
15,18,20
by 10/ Temperature (K
1 1 ; Figure 3. Arrhenius plot of logo kxn Vs 1/T for aqueous hydrogen
M 1 + kJS] + zklex[Ri] (1) atom reaction with N@" (M), HNO, (@), and NQ~ (a). Solid lines
2 2 are weighted linear fits, corresponding to activation energies of (48.7
_ + 1.0), (21.54+ 0.69), and (15.5% 0.36) kJ mot?, respectively (see
where k{S] is the ‘H atom scavenging rate angk,[Ri] text).

represents the spfrdephasnjg contrlputlon of second-order spin TABLE 1: Summary of the Temperature-Dependent Rate
exchange and recombination reactions betwdtatoms and Constant Data for Hydrogen Atom Reaction with NOs~

other free radicals. At the radiation doses typically used in these NO,~, and HNO, in Aqueous Solution

experiments the latter term may not be negligible at acid pH’s; temp scavenging rate constant
this effect has been observed previously as a slight dose (pulse  gpecies C) (dm? mol-1 571
width) dependence of the measured scavenging céfvésThe

overall hydrogen atom reaction rate constant with the nitrate NGs %gg g'ﬁi 8'%g§ ig
anion, at pH 1.0 and 22.3C, 30:4 (8:70i 0:81)X 106
43.7 (1.88+ 0.20) x 107

‘H + NO,™ — products 2 54.0 (3.15£ 0.37) x 107

61.4 (4.85+ 0.04) x 10;

at three different pulse widths (doses) is shown in Figure 1. 702 Ef:ggi g‘l‘gi e
Although these scavenging plots exhibit excellent linearity the HNO, 5.9 (2.12+ 0.06) x 108
calculated slopes of (5.18 0.31) x 1, (6.04+ 0.20) x 10° 14.7 (2.76+ 0.06) x 10®
and (7.134 0.18) x 10° dm® mol~1 s72 for the 12, 25, and 55 25.4 (3.88+ 0.07) x 10°
ns pulses, respectively, show that such spin exchange does affect 43.2 (6.49+0.60)x 10°
the measured rate constants for this system. NO- 62'2 (1.00+ 0.05)x 10°
. 2 . (1.05+ 0.09) x 10°

To correct the observed rate constants for this dose depen- 14.7 (1.27+ 0.02) x 10°
dence, limiting values were calculated by extrapolation to zero 24.0 (1.644+ 0.03) x 1
dose, as shown in Figure 2. An excellent linear relationship 445 (2.43+ 0.05) x 1
was obtained, and for the rate constants listed above a limiting 63.4 (3.21+0.14) x 1C°
value of (4.44+ 0.10) x 10° dm® mol~! s~ was obtained. This ;g'g Eﬁ'é?i 8'?2& ig;

procedure was then repeated over the temperature range 15.2
84.5°C (values for 61.4C also shown in Figure 2), with all  than—1 over the entire temperature range of measureftent,
the extrapolated values given in Table 1 and shown in the all of the reaction can be attributed to the nitrate anion. From
Arrhenius plot of Figure 3. Because th& pf HNO; is less a linear fit to these values, the temperature-dependent rate
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constants are well described by the expression -H Reaction with NO,~. To ensure complete reaction with
only NO,~, measurements were performed in 1:000-2 mol
l0g,0 Kk, = (15.28+ 0.16)— [(48700+ 1000)/2.30RT] (3) dm~2 borax buffer, whose temperature dependence has been
well characterized Under these conditions, the hydrogen atom
with k; and T in units of dn? mol~* s1 and K, respectively. concentration produced was sufficiently low that there was little
This corresponds to an activation energy of 48.7.0 kJ motf L. dose effect; therefore, signals were only obtained using the 55
There have been many previous investigations of the reactionns pulse of the Van de Graaff accelerator.
of the hydrogen atom with the nitrate anion in agueous solution  The rate constant measured at pH 9.2 and 2€.(Qy this
at room temperature, with rate constants reported over the rangemethod for the reaction
(2.9- 40) x 10° dm® mol~! s~ using a variety of competition
kinetic systemd:26-35 Qur room temperature (22°) value ‘H + NO, — products (6)
of (4.444 0.10) x 10° dm® mol~! st is at the low end of this
range. There have also been two determinations at lowerwasks = (1.64+ 0.03) x 10° dm® mol~1 s~1. This value is
temperatures. A direct evaluation at82 °C was performed  approximately the average of the reported literature val-
by Smaller et al?who obtained a concentration-dependent rate yes26-2832:36.3944yhich range from 0.22.8 x 10° dm? mol~1
constant from the decay characteristics of thkatom EPR s1. The EPR measurements were then repeated over the
signal in nitrate solutions, giving an extrapolated rate constant temperature range 6-86.6 °C, with the individual rate
of k= 1.4 x 10° dn® mol~* s™*. This value is slightly lower  constants given in Table 1 and plotted in Figure 3. The
than our calculated rate constantkef= (1.714+ 0.18) x 10° temperature dependence for this reaction was found to be well
dm®mol~ts™%, but there is good agreement within the combined described by the equation
error of the two studies. An earlier determination by Navon
and Steifl” was based on the measurement of total nitrate loss log,, ks = (11.94+ 0.06)— [(15590+ 360)/2.30RT] (7)
in aqueous solution at 4C, due to its reaction with hydrogen
radicals created by passiifp gas through a discharge system. corresponding to an activation energy of 15459.36 kJ mot?.
The rate constants determined by these experiments showed @gain, these Arrhenius parameters are much lower than those
very strong pH dependence, with calculated values of (£15 determined for the nitrate system.
0.22) x 107, (9.4 £+ 0.3) x 105, and (3.84+ 1.7) x 1Cf dnm?® There has only been one previous determination at lower
mol~t st for pH's 1-4.7, 7, and 11.613.3, respectively. All temperatures, by Smaller et'8lwho directly measured a rate
of these rate constants are much higher than our extrapolatectonstant of k= 7.1 x 18 dm® mol~t st at 281 K. This value
value of (1.27+ 0.13) x 10° dm?® mol~* s~ for this temperature. s slightly lower than our calculated valuelef= (1.10+ 0.04)
‘H Reaction with HNO,. Analogous experiments were x 10° dm3 mol~! s7! at this temperature, but again is within
performed for nitrite. Because th&pof HNO, is significantly the combined errors of the two studies.
higher, K, = 3.2 at 25°C 25 both the acid and anion reactions
could be separately evaluated. Discussion
Because the dose dependence obtained for nitrate was also
observed for nitrite, rate constants were again extrapolated to
zero dose. The value obtained at pH 1.0 and 284y this
method for the reaction

In previous interpretations of radiation and photochemistry
of nitrite and nitrate solutiofg44 it has generally been
assumed thatH atoms would add to the ion, producing the
protonated free radical:
H+ HNO,— H,0+ NO 4) ‘H+ NO,” — HNO;~ (®)
wask, = (3.88+ 0.07) x 1Bdm* mol~ts™L. This rate constant
is somewhat lower than the single literature value obtained by ‘H+ NO, — HNO,"™ (9)
ethanol competition kinetics at 26 1 °C of k = (5.47+ 0.26)
x 108 dm® mol~ s~1 3% (allowing for the greater rate constant Given the reported observation of both of these ion radicals
of hydrogen atom reaction with ethafbht this temperature). and determination of their Ky's by transient absorption
Rate constants were then determined under these conditionspectroscop§;*! this was a very reasonable assumption. How-
over the temperature range 5.62.8 °C, with the individual ever, the activation energy of 48.% 1.0 kJ mof?! and
extrapolated values again given in Table 1 and plotted in Figure preexponential factor of 1.9% 10'> dm?® mol~* s~ found for
3. Experiments at temperatures greater tharff@3vere not reaction 2 are both much larger than expected for a simple
reproducible and gave rate constants that were far higher thanhydrogen atom reaction. Similar activation energies and pre-
expected from the extrapolation of lower values in the Arrhenius exponential factors have been observed previously for the
plot. This behavior is attributed to the known thermal instability hydrogen atom reaction with #0¢*> and NHs".*6 For the
of HNO; at elevated temperaturés. From a linear fit to the periodic acid complex, the reaction was explained in terms of
measured values, the temperature-dependent rate constant wasconcerted oxygen abstraction, dehydration, and iodine complex
found to be well described by the expression rearrangement on the basis of the knotMd° andAS’ of the
periodate hydration equilibria. From a similar analysis the
log,, k, = (12.36+ 0.12)— [(21540+ 690)/2.30RT] (5) hydrogen atom reaction with the acid form of hydrazine was
postulated to result in a dissociation of the transition complex

corresponding to an activation energy of 21:450.69 kJ mot?., to give ammonia;NH,, and a proton.
Both the activation energy and preexponential factor are much In low-level (Hartree-Fock/6-31G* basis) ab initio calcula-
smaller than determined for nitrate reaction. tions, reactions 8 and 9 as written are exothermic by some 53.1

There is little doubt that the products of reaction 4 ag©H kJ, yielding a stable product. However, addition of polarization
and NO as written. In low level ab initio calculations (HF/6- basis functions (p-type functions ol atoms: 6-31G** or
31G**) a transition state fotH atom reaction at oxygen is found  6-311G**) produce dissociation to OHand NO or NGQ. For
at the large H-OHNO distance of 0.130.14 nm. the reaction with nitrite, a transition state is found at an
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ONGO---H distance of 98 pm. For the reaction with nitrate, the apparently lead to the creation of two Olbns in contact, but
reaction at oxygen is simply downhill, with no transition state. the Grotthus mechanism of proton transfer also allows for
It seems unlikely that any transition state would appear at higher transfer via a bridge of H-bonded water molecufe®and this
levels of theory, and the high experimental activation energy may provide a more reasonable picture. The only obvious
must correspond to a qualitatively different reaction due to the similarity between this proton transfer reaction and the reaction
presence of solvent. Calculations required to investigate specificof -H atom with nitrate is the breaking of theND bond and
solvent effects are beyond the scope of this work. formation of -NO, as a product. The latter aspect of both
If HNO2~ and HNQ~ do exist in the liquid, it must be due  reactions may be responsible for the positive activation entro-
to solvent stabilization. We should recall in any case that these pies. At least three strong hydrogen bonds to nitrate are broken,
radicals and their respective conjugate bases?Nénd NQ?-, giving a large entropy increase. Th&lO, radical is not
are metastable in water, reportedly dissociating according to significantly hydrogen bonded, as indicated by its facile
reactions 16-13, with the indicated first-order half-lives at room diffusion in ice at low temperature$.
temperaturé:*1

Summary
HNO,” — NO + OH tip < 12us  (10) Arrhenius parameters have been established for aqueous
hydrogen atom reaction with the nitrate anion, nitrous acid, and
NOZZ_ + H,0—NO+ 20H" T,=12us (11) the nitrite anion by direct experimental measurement as
HNO,™ — NO, + OH~ Typ=3US (12) log,, k, = (15.28=+ 0.16)— [(48700=+ 1000)/2.30RT] (3)
_ _ log,o k, = (12.364 0.12)— [(21540+ 690)/2.30RT] (5
NO,”~ + H,0— NO, + 20H Ty, =12.5us (13) Gioks = ( )~ I ) TG

lo = (11.944 0.06)— [(15590+ 360)/2.30RT] (7
Barker et al3 found by conductivity detection of the OH Groks = ( )~ [ ) @

product that reaction 13, of N® with water, was characterized
by 49.4 kJ mat?! activation energy and a large preexponential
factor of 4.3x 103 dm® mol~1 s™1. The activation energy of
NO,2~ hydrolysis was much smalléf. The similarity of these
activation parameters to those found fHrreaction with nitrate
ﬁgqer:jlit;:s psrl;glgjﬁtssts(oiigr?&n m&n;arllt'ellot))fofrrtlﬁ gﬁg‘?;néctignthe Rather, the reactions proceed directly to the ultimate@Hd
sets are the same, the transition states and activation energieglOX products.
might be somewhat similar, even though the reactants appear
to be quite different.

According to semiclassical transition state theory (omitting
tunneling effects), the Arrhenius preexponential factor corre-

respectively. On the basis of the Arrhenius parameters for
nitrate anion and the results of ab initio computer modeling of
this reaction, it is believed that the previously proposed reaction
mechanism, consisting of simple addition of the hydrogen atom
to produce a metastable radical intermediate, cannot be correct.
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