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Rate Constant and Activation Energy Measurement for the Reaction of Atomic Hydrogen
with Thiocyanate and Azide in Aqueous Solution
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Arrhenius parameters for the reaction of hydrogen atoms with azide and thiocyanate in agqueous solution
have been determined using electron pulse radiolysis and electron paramagnetic resonance free induction
decay attenuation measurements. Absolute values for SGN, and HN; were well-described over the
temperature range of-8B1 °C by the equations loks = (12.03+ 0.12)— [(21.054 0.66 kJ mot1)/2.30FRT],

log ko = (12.754 0.21) — [(18.43 4 1.22 kJ mot?)/2.30RT], and logk;s = (11.594 0.12) — [(21.44 +

0.69 kJ mot1)/2.30RT], corresponding to room temperature (Z2) rate constants of (2.0% 0.03) x 10,

(3.15+ 0.08) x 10°, and (6.31+ 0.05) x 10’ M~ s ! and activation energies for these chemicals of 21.05

+ 0.66, 18.4+ 1.2, and 21.44t 0.69 kJ mot?, respectively. The similarity of these three measured activation
energies, taken together with the available information on reaction products, suggests a similar reaction
mechanism, which is proposed to be an initial hydrogen atom adduct formation in these molecules, followed
by single bond breakage.

Introduction Of particular interest in these hydrogen atom reactions with

Over the past 16 years the temperature-dependent kineticdnorganic chemicals were the Arrhenius parameters obtained

of the hydrogen atom reaction with a variety of organic and om the Oreaction with the nitrogen-containing chenlwicals
inorganic chemicals in water has been investigated using thenYdraziné® (N2Hs) and nitrate/nitrite (NG /NO, /HNO).

pulsed electron paramagnetic resonance (EPR)-based free inducthese values are listed in Table 1. For the nonprotonated form

tion decay (FID) attenuation methddt” For most of the organic ~ (N2H4), the Arrhenius parameters Bf = 16.3+ 0.8 kJ mof™/

. . . — 0 -1 g1 i i
compounds studied, especially the low molecular weight alco- A = 4.8 x 10/ M1 s™ were consistent with the standard
hols®.1114 acids!517 and carbonyl€3.16 these investigations ~ Nydrogen atom abstraction to formytand the*N2Hs radical

reported Arrhenius parameter,(~ 20—30 kJ mot?, A ~ species?’

101113 M~1 s71) consistent with simple hydrogen atom abstrac- . .

tion from C—H bonds. For the analogous reaction of hydrogen H™+ NoH, — "NoH; + H, )
atoms with deuterated organic compouhtd; the correspond-

ing activation energies were found to be approximatehp4J However, in more acidic solutions, whereh* was present,
mol~1 larger. Lower activation energies-{1 + 1 kJ mol?) the temperature-dependent reaction rate constant was found to

were measured for the *Hatom reaction with iodoalkanés, ~ have Arrhenius parameters that were far largés:= 61.4 +
where halogen abstraction was believed to occur, and higherl.2 kJ mot/A = 9.0 x 10'® M~* s™%. This large difference
values (30 + 3 kJ moll) were obtained for hydrogen atom Was proposed to be due to a change in the reaction mechanism,

abstraction from methyl groups in methafiégrmic acid® and from hydrogen atom abstraction to-¥W bond cleavage:
acetoné as well as methanedif. N N
However, the measured values for hydrogen atom reaction H + N,Hg™ — "NH,+ NH;+ H (2

with some inorganic species were less consistent. In the reaction

of the hydrogen atom with iodide and bromide ions in aqueous This mechanism change was later supported by high-level ab
solution#18the temperature dependence of the rate constant wasinitio calculationst®

essentially found to be zero; the measured activation energies Similar large Arrhenius parameters were observed for hy-
wereE, = 1.8+ 4.6 and 6.3+ 6.2 kJ mof?, respectively. For ~ drogen atom reaction with nitratéas compared to nitrous acid
hydrogen atom reaction with ¥3 and 1Q;~,” the activation or the nitrite anion. For the latter two species, Arrhenius
energies were found to H&, = 27.44+ 1.7 and 22.4+ 2.7 kJ parameters o, = 21.54 4 0.69 kJ mof%A = 2.3 x 10%?
mol~1, but for the acid forms of these two species (il&hd M~1slandE,= 15.59+ 0.36 kJ mot/A=8.7 x 10** M~*

HslOg), they were much higher at 366 2.0 and 53.Gt 8.0 st were consistent with the proposed mechanism of oxygen
kJ mol™1, respectively. atom abstraction:
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TABLE 1: Summary of Arrhenius Parameters for Hydrogen Atom Reaction Rate Constants with Nitrogen-Containing
Chemicals in Aqueous Solution

Ea |OgloA
chemical (kJ mol?%) (Mts comment/ref
N2Hg4 16.284- 0.80 10.69+:0.13 hydrogen atom abstraction reactfon
NoHs* 61.4+1.2 16.95+ 0.18 N-N bond breakage, Hreleasé®
NO,~ 15.59+ 0.36 11.94+ 0.06 O-atom abstraction to forr@H*?
HNO, 21.54+ 0.69 12.36+0.12 O-atom abstraction to forr®@H*?
NOs~ 48.7+1.0 15.28+ 0.16 O-atom abstraction to forr@H*?
SCN- 21.05+ 0.66 12.03+ 0.12 this study *H-atom adduct formation
\Ey 18.4+1.2 12.75+0.21 this study *H-atom adduct formation
HN3 21.44+ 0.69 11.59+ 0.12 this study *H-atom adduct formation

For nitrate, the Arrhenius parameters were again much larger: The general expression of the effective damping rate of the FID

Ea=48.74+ 1.0 kI mot/A = 1.9 x 10*®* M~1 s~1. However, in these experiments is given by?
low-level ab initio calculations could not differentiate the ,
reaction mechanism for all three of these chemicals. kot = K° + kg[S + z kex'[R] 4)

To further investigate the behavior of aqueous hydrogen atom
reaction with nitrogen-containing compounds, we have inves- wherek® is the first-order natural spin relaxation rate constant
tigated the temperature-dependent rate constant for hydrogerin the absence of added thiocyandgSCN™] is the *H atom

atom reaction with thiocyanate (SCNand azide (HN/N3™) scavenging rate for the reaction
in this study. These simple compounds were specifically chosen
as their hydrogen atom reactions have previously been shown ‘H + SCN™ — products (5)

not to result in quantitative formation of4%21thus eliminating . _ ) o

the standard reaction mechanisms of simple adduct formation@1d2 k.;[R] represents the spin-dephasing contribution of the
followed by radical recombination, or hydrogen atom abstrac- S€cond-order spin exchange and recombination reactions be-
tion, and also because these particular chemicals are commonlyfWeen *H atoms and other free radicals. The observed dose
used in radiation chemistry to provide clean one-electron dépendence occurs when the latter term is not approximately

oxidations (azide) and as a dosimetry standard (SCN constant over the &s experimental time scale. ,
To correct our experimental rate constants for this dose
Experimental Section dependence, limiting values were calculated by extrapolation

. _ _ . . to zero dosé,® as shown in Figure 1b. The dose values used
Potassium thiocyanate and sodium azide were obtained from,qre simply the average beam currents measured on a shutter

the Aldrich Chemical Co. at the highest purity available. Both qsjtioned before the irradiation cell for the three pulse widths.

were used as received. Scavenging experiments were performeghese currents were checked frequently to compensate for any
by successive weighted additions of these solids to a known

volume (typically 166-170 mL) of ASTM type 1 water in a T T T T T T
recirculating system that had been rigorously deaerated using
argon or nitrous oxide (pO). The accuracy of these concentra-
tions is estimated at better than 1%. For SCHnd HN
experiments, the solution pH was adjusted to 2.00 using HCIO
For Ns~, buffered 0.010 M borate solutions at pH 9.1 were used.
All solutions contained~10"2 M methanol to help scavenge
hydroxyl radicals produced in the radiolysis.
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Hydrogen atoms were generated in agueous solution within 1.0 2.0 3.0 4.0
an EPR cavity by pulse radiolysis using 3 MeV electrons from 10° [SCNT (M)
a Van de Graaff accelerator at Argonne National Laboratory,
near Chicago. The established pulsed EPR-based FID attenuation . . y
method was useH;* because it directly monitors the aqueous 2.4
*H atom and gives simple pseudo-first-order kinetics. This — I
method involves a microwave probe pulse being applied to the o 23 [
sample immediately after irradiation, with the resulting FID of F‘g 22
the*H atom low-field EPR transition being recorded on a digital ot
oscilloscope. Typically, 5002000 pulses were averaged to 7, 21
record each FID trace, at a repetition rate of 120 Hz. - . . .

2'Oo 4 8 12 16

Results and Discussion ,
Relative dose

Hydrogen Atom Reaction with Thiocyanate. The Ka of Figure 1. (a) Dose dependence of the agueous hydrogen atom
thiocyanate is-1.1+ 0.3%2 and therefore, at pH 2.0, we only  scavenging rate constant for SCheaction at pH 2.0 and 22.%C.
had deprotonated SCNspecies. Typical scavenging plots are Data correspond to electron pulse widths of 100, 65 (©), and 25
shown in Figure 1a for the reaction of the aqueous hydrogen (&) ns. Error bars are one standard deviation, as derived from the
atom with thiocyanate at this pH and 22°C. Although damped cosine fits to individual FIDs. Solid lines are weighted linear

. - . - . fits, corresponding to specific reaction rate constants of (Z3703)
excellent linearity for these scavenging plots is observed, asllghtx 10, (223 + 0.04) x 10°, and (2114 0.06) x 1C° M-1 5L,

dose dependence is evident from the fitted slopes of (237  egpectively. (b) Extrapolation of dose-dependent rate constants.
0.03) x 108, (2.23+ 0.04) x 1% and (2.11+ 0.06) x 10® Intercept value corresponds to zero-dose, limiting value of (207
M~1 s71 for the 100, 55, and 25 ns pulses used, respectively. 0.03) x 18 M1 s %,
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TABLE 2: Summary of Temperature-Dependent Rate very good agreement with our direct measurement at this
Coﬁnstant Data for Hydrogen Atom Reaction with SCN, temperature oks = (2.07 + 0.03) x 108 M~! s71 (also see
N3~, and HN3 in Aqueous Solution Figure 2).
species temp°C) scavenging rate constant (Vs™) The measured activation energy of 21850.66 kJ mof*
SCN- 9.1 (1.354 0.02) x 108 for SCN~ reaction is similar to some of our previously
22.0 (2.07+£ 0.03) x 1¢° determined values for other nitrogen-containing compounds
43.4 (3.80+ 0.14) x 10° listed in Table 1, notably for hydrogen atom reactions with
%'g Egggi 8%451% ig HNO,/NO,~ where O-atom abstraction is believed to occur and
Ns~ 8.8 (l_'%i 0:12)X 10° for NoHy wherg H-ator_n _abstrac_tlon_ is the doml_nant pathway.
22.2 (3.15+ 0.08) x 10° However, having a similar activation energy is not itself a
42.5 (5.36+ 0.22) x 10° sufficient condition to distinguish between reaction mechanisms,
59.8 (6.26+ 0.35)x 10° and to maintain consistency with the reported optical absorption
82.7 (1.04+ 0.08) > 100 data2’ we believe that the hydrogen atom reaction with SCN
HNa zg% E‘é’%?i 8'8§;§ i87 consists of straightforward adduct formation to give H(SCN)
42.4 (1.06+ 0.04)x 1P As the decay of this species was found not to produce hydrogen
59.9 (1.72+ 0.21) x 10 gas, Elliot et al. proposed that this transient decays by disso-
81.0 (2.87+0.12) x 1C° ciation of the S-C bond according to the reaction schetfie:
small drift in the beam. A very good linear extrapolation was H(SCNJ~ + SCN = H(SCN)22°_ 7)

obtained, with the limiting value for the addition reaction
calculated as (2.0% 0.03) x 108 M~1 s71 at this temperature

— + . °
(22.0°C). This procedure was repeated over the temperatureH(SCN)' +H H,S+ CN'+ (SCN))

range of 9.1-78.3°C, with all of the extrapolated rate constants —CN + SCN (8)
summarized in Table 2 and shown in the Arrhenius plot in
Figure 2. From a weighted linear fit of these data, the H(SCN)ZZ'_—i- H+—>HZS+ CN™ + SCN 9)

temperature-dependent rate constant is well-described by:
to give hydrogen sulfide and cyanide as the final stable products.
100, ks = A search of the literature gave only one other comparable set

_ 1 of data, for the temperature-dependent reaction of the aqueous
(12.03+ 0.12) = [(21.05+ 0.66 kJ mol )/2.30RM)] (6) hydrogen atom with ammon?&.However, quantitative com-

A survey of the literature found two previous measurements P&rison to our data was not possible, as the Arrhenius plot for
for this reaction, both at room temperature (assumed to be 22NHs reaction T = 298-523 K) was significantly downward
°C). Elliot et al?® measured a rate constant by directly curved, with no evident linear region.
monitoring the rate of formation of a transient (assumed to be Hydrogen Atom Reaction with N3~. Comparable measure-
H(SCNY~ With Amax~ 420 nm andkmay~ 420 M~ cm1) and ments were made in this study for the reaction of the hydrogen
obtained a value of = (2.34 0.1) x 108 M~1 sL. There has atom with azide (N°). The K, of HN3 has beep measured over
also been one steady-state competition kinetics measurementh€ temperature range of 283 °C/?> showing only small -
of this hydrogen atom reaction rate constnwhere a changes from its room temperature vglu_e of 4.7 at low ionic
comparable rate constant of 27108 M~ s~ was determined strength. By assuming that no large deviations occurred at higher

using (CH),CHOH as a standard. Both of these values are in f€Mperatures, we were able to measure the reaction of hydrogen
atoms with both HN and N~ in this study.

T T T ' T T T T T The data for the deprotonatedNwere collected at pH 9.1

in 0.010 M borate buffer, usingJ® as the saturating gas. Under
these conditions, hydrated electrons were quickly converted to
hydroxyl radicals, which were then scavenged by reaction with
either methanol or azide itself. For the resulting small hydrogen
atom concentration, there was no need for dose extrapolations,
and so, these data were obtained using only the 55 ns pulse
width. These directly measured values are given in Table 2 and
are shown in Figure 2. The room temperature reaction rate
constantk = (3.154 0.08) x 10° M1 st at 22.2°C, is seen

to be faster than for SCNreaction. As a function of temper-
ature, the rate constants for the reaction

10.0

9.5

log,, (kM" s

L , ; . : . . \ . ‘H + N; — products (20)
2.8 3.0 3.2 3.4 3.6

10°/Temperature (K™
Figure 2. Arrhenius plot of logk vs 1/T for aqueous hydrogen atom log ko =

reaction with SCN (O), N3~ (O), and HN; (2). Data points for SCN _ 1
and HN; are extrapolated, zero-dose values as shown in Figure 1. Solid (12.75+ 0.21)— [(18.43+ 1.22 kI mol")/2.30RT] (11)
Iz"iels frg ;V el'%h‘tlf 1“geagnfgjtsz’lclrzsgokgd';gftf ;cstg/:élt?vr;@n%gfs of corresponding to an activation energy for this reaction of 18.43
shown are previous literature room temperature data for hydrogen atom* 1.22 kJ mot* (see Table 1). _ _ _

reaction with SCN by Elliot (M);2°Ns~ by Ye (@, 4),2*by Peled ¥),2 The rate constant for hydrogen atom reaction with azide has

and by Halpern4);2t and HN; by Halpern (¥ been reported several times previously. Competition kinetic

were found to be well-described by the equation:
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measurements of this room temperature rate constant have beenf SCN- and Ny~ in Figure 2. The weighted linear fit to these

previously performed, using ethanol (3:3 10° M~1 s71),21 data gave the temperature-dependent values for the reaction
2-propanol (4.0x 10° M1 s71),24 and phenol (2.4« 10° M1
s 125 at pH ~ 7 as standards. One direct EPR measurethent H + HN; — products (15)

has also reported this rate constant as1.90° M~1 s at
~16 °C. These values are shown in comparison to the data of &S
this study in Figure 2; overall, very good agreement is observed. |, _
We believe that reaction 10 results in the formation of the =~ °
HNz~ adduct. This transient species has been characterized (11.59+ 0.12)— [(21.44-+ 0.69 kJ mol*)/2.30RT] (16)
previously?® formed by the reaction of the hydrated electron
with HN3 in aqueous solution. The decay of this transient was
found to be first order and dependent upon pH and azide
concentration. A general expression for this decay was given
as:

with a measured activation energy of 21.440.69 kJ mof?!
(Table 1). Our room-temperature rate constant (63105 x

10’ M~1s1at 22.6°C) agrees reasonably well with the single
previous room-temperature competition kinetics measurement
of 7.2 x 10/ Mt s71 by Halpern and Raba#t. This good
agreement supports the previous finding that the product of this
reaction again is not hydrogen gas, thereby eliminating the

Under our experimental conditions, the latter two terms in this Zﬁgﬁftedw%d;; giceat?? c?sbeSttrhaz:ttltc;lr:a E\Z:rt;%nrgﬁgginrfgfh?y
expression would be negligible, corresponding to a transient . 9y ’ prop

lifetime of ~85 us. anism is

The authors of ref 26 found that the decay of this transient *H + HN. — H.N." (17)
produced a product that oxidized hydroquinopenethoxyl- 32
phenol, p-cresol, and\,N-dimethylamine. They assumed that
this species was againzi\formed by the reaction

ko= 8 x 101 +3 x 10°[H'] + 3.3 x 10/ [HN ] s * (12)

H,N;"— NH," + N, (18)

. 4 . This latter mechanism of single-N\N bond breakage appears
HN; *+H" —H, + Ny (13) analogous to the one proposed for protonated hydrazine reaction

. . __with hydrogen atom&
although there was no spectroscopic evidence at short times yerog

for the nature of this secondary intermediate. However, this ‘H + N2H5+ — *NH, + NH;+ HT™ 2)
proposed mechanism contradicts the steady-state irradiation
finding?! that H, was not a final product of the overall reaction However, although similar products are formed, the large
of hydrogen atoms with either3dN or HN3 (see next section).  Arrhenius parameters characterizing reaction 2 suggest that
As the rate constant obtained by competition kinétidsr significant solvent reorganization and bond breakage has to
hydrogen atom reaction with N agrees well with the direct  occur on the way to the transition state.
EPR measurements of this work and also of Ye et al. (see Figure
2),25 this indicates that there cannot be any extrafétmed Acknowledgment. Work described herein at the Radiation
from the decay of HN™. Laboratory, University of Notre Dame, was supported by the
To reconcile the finding that another oxidizing transient is Office of Basic Energy Sciences of the U.S. Department of
produced from the decay of HN\* and that H is not a final Energy. This is contribution no. NDRL-4630 from the Notre
product, we propose a reaction mechanism analogous to thatDame Radiation Laboratory. Work performed at Argonne
for SCN™: that the decay of Hpt™ is instead by proton addition ~ National Laboratory was supported by the U.S. Office of Basic
to split a N—N single bond Energy Sciences, Division of Chemical Sciences, U.S. Depart-
ment of Energy under Contract W-31-109-ENG-38.
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