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The reaction of ther-hydroxyalkyl radical of 2-propanol (1-hydroxy-1-methylethyl radical) with nitrite ions
was characterized. A product of the reaction was assigned as the adduct nitro radical anion,
[HO—C(CHs)2NO;]*~. This radical was identified using time-resolved electron spin resonance (TRESR). The
radical’'s magnetic parameters, the nitrogen hyperfine coupling constant 26.39 G), and itgy-factor
(2.0052) were the same as those of the nitro radical anion previously discover@iH ispin-trapping
experiments with thaci-anion of (CH),CHNO,. Production of [HG-C(CHs),NO,]*~ was determined to be
38% + 4% of the reaction of (CkJ.,C*—OH with nitrite. The reason why this fraction was less than 100%
was rationalized by invoking the competitive addition at oxygen, which forms{BQCH;),ONQO]~, followed

by a rapid loss ofNO. Furthermore, by taking this mechanism into account, the bimolecular rate constant for
the total reaction of (CkJ,C*—OH with nitrite at reaction pH 7 was determined to be X616 M~! s,

using both decay traces of (GHC*—OH and growth traces of [HOC(CHs).NO,]*~. This correspondence
further confirms the nature of the reaction. The reaction mechanism is discussed with guidance by computations
using density functional theory.

Introduction alcohol radicals with nitrite to explain the appearance of nitro
radical anions detected by electron spin resonance (E8R).

is not as straightforward as it might appear at first glance. these s_teady-state |rrad|at|on_s, the nitrite |orls were presumably
Recently, there was a controversy in regard to whether an H Photodissociated ttNO and (3 , and then ©’/*OH abstracted
atom (a prototype for organic radicals) adds to an O atom H atoms from the alcohofs:® The resulting alcohol radicals

to the N atorR of a nitrite anion. Because nitrite is a redox then reacted with unreacted nitrite to form the nitro radical anion
agent, its reactions with redox active organic radicals have the Via a free-radical mechanism that was suggested by Korntlum.
added complication that electron-transfer pathways could also The mechanism of the reaction of alcohol radical with nitrite
be involved. was not discussed in any further defail.

_As a practical matter, the reaction of reducing radicals with  The same adduct was also postulated to be an intermediate
nitrite has become important in assessing the fate of organicip, the overall reduction of nitrite ions tNO by 1-hydroxy-1-
complexants in nuclear waste that is stored in tanks at Hanford methylethyl radicals in steady-state radiolysis of aqueous
and Savannah river sitég.ypically, the agueous wastes contain solutions of nitrite, 2-propanol, and acetdfeNo direct

~1M nitrite and several molar nitrate ions, along with glycolate observation of the adduct was made. The sugg¥stedrmedi-
and aminopolycarboxylates that have been added to complex .
ate was based on the analogy to an adduct radical formed

the radioactive metal ions. These complexants are susceptibleb o .
o . . . . etween EtG-*CHMe and nitrite!2 The latter work contained
to radiolytic fragmentations, leading to reducing radicals such . .
Y g 9 9 an ESR observation of the adduct radical, where-EtCHMe

as hydroxymethyl and-aminoalkyl radicals. After the organic : ) . - .
radicals are formed, their most likely reaction partners are the Was produced in a ¥i—H,O, system, which oxidized diethyl

NO ions, because of the high concentrations of the latter €ther.

species. Aging of organic complexants in the wastes is a safety To assess further the mechanism of the reaction of reducing

concern, because of the potential formation of flammable organic radicals with nitrite ions, we have examined the reaction

mixtures of gases in the tanﬁs. . o of the 1-hydroxy-1-methylethyl radical with nitrite. Instead of
An early report on photoinduced reactions of nitrite and ysing photochemical excitation, we have used controlled radio-
alcohols in basic aqueous solution invoked a reaction of the |ytic situations, wherein the alcohol radical was predominantly
Author o wh q Hould be add o Tol. 574.631 formed, and both the precursor and successor radicals were
* Author to whom corresponaence shou € addressed. lel.. - - : . _ .

4504, -6163, -7441. Fax: 574-631-8068. E-mail address: hug.1@nd.edy, MONitored by time-resolved electron spin resonance (TRESR).
T Radiation Laboratory, University of Notre Dame. Insight into alternate reaction pathways was gained through
zPacmc Northwest National Laboratory. computations using density functional theory (DFT). DFT

Faculty of Chemistry, Adam Mickiewicz University. - . .
calculations were also used to evaluate the magnetic properties

# Fulbright Scholar, Faculty of Chemistry, Adam Mickiewicz University. ] ¢ ‘ -
Permanent address: Radiation Laboratory, University of Notre Dame.  Of the various radicals observed in this work.

10.1021/jp062398c CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/31/2006

The nature of the reaction of organic radicals with nitrite ions




Reactions of 1-Hydroxy-1-methylethyl Radicals with NO J. Phys. Chem. A, Vol. 110, No. 38, 20061047

Experimental Section TABLE 1: Parameters Used in Modeling ESR Responses
Materials. Acetone was high-performance liquid chroma- radical Lk T
tography (HPLC) grade, from Fisher Scientific; the 2-propanol S0 1.6us 1.6us
used was also from Fisher Scientific. Sodium nitrite was ~ Q:CCH=CCO, 7.1us 6.1us
(CHs),C—OH 1.3us 1.3us

obtained from J.T. Baker Chemical Co., and 2-nitropropane was

. . . HO—C(CHg)2NO)*~ 0.38us 0.38us
purchased from Aldrich Chemical Co. Buffered solutions at [ A ( HG)_zt d t H 20 mG a
; inhomogeneity parametan® m
neutral pH used 1 mM buffers of equal molar amounts of sodium microwave magnetic field3; 16 MG at—10 dB

phosphate monobasic and sodium phosphate dibasic salts from
Fisher Scientific. The deionized water, which was used in  ?Full width at half-height of a Gaussian distribution.
making the solutions, was purified in a reverse osmosis/
deionization system from a Serv-A-Pure Co. There is an UV-
irradiation unit in the circulating section of this water- 4l
purification system. The purity of the water exceeded that of
triply distilled water. Typically, this water has a resistance of

>18 MQ cm and a total organic carbon (TOC) content<dfO

ppb.

Time-Resolved Electron Spin Resonance (TRESRFree
radicals were produced from the pulse radiolysis of aqueous
solutions. The source of radiation was 2.8 MeV electrons from
a Van de Graaff accelerator operated in the pulsed mode (pulse 0
width of 0.5us). The resulting radicals were detected via ESR. ' L L L
The ESR spectrometer and its operation, in conjunction with
the Van de Graaff accelerator, have been described elsel#tiére. Time (us)

The X-band microwaves (9.35 GHz) for the ESR detection were Figure 1. Kinetic traces of the central lines of the precursor and
not pulsed; however, there is direct detection (no field modula- successor radicals. ARéaturated aqueous solution of 0.1 M 2-propanol,
tion) of the ESR signal, which allows for the accumulation of 0.4 M acetone, and 25 mM sodium nitrite with 1 mM phosphate buffer
data in time-resolved modes, analogous to optical detection of (PH 7) was used. The open circles show the kinetic trace of the
transients in pulse radiolysis and laser flash photolysis. In this (CHs)2)C—OH radical atAB, = ~4.77 G, and the square points show

. I the kinetic trace of the [HOC—(CHs),NO;]*~ radical atAB, = —8.10
work, th_e E_SR spectrometer was used both "_] the kinetic mode,G. Solid lines represent simulations as described later in this work.
when kinetic traces were needed to determine rate constantSihe vertical scale is given in arbitrary units, but the relative amplitudes
and in the “boxcar” mode, to obtain spectra of the radicals in of the two curves are as observed.
fixed time windows following the radiolysis pulse. For spectral
positions of the ESR lines, the magnetic fields are quoted in ESR time profile. The kinetic traces were simulated by
gauss (G), but as a displacement from the magnetic field, numerical integration of modified Bloch equatiotisthe

ESR Amplitude
N

corresponding tg = 2.00043. This is the zero of theBy scale  “modification” of which takes into account the chemical reaction
quoted in this paper. mechanism and kinetics and any chemical-induced dynamic
The sample solutions were flowed at rates of-16 cn¥/ electron polarization (CIDEP). Initially, the Bloch equations are

min through a quartz cell 0.4 mm thick. The solutions were scaled (arbitrarily) so that the Boltzmann value of thaxis
cooled and run through a bubble tfapefore entering the quartz  magnetization is equal to the micromolar radical concentration.
cell in the resonant microwave cavity. The temperature of the An additional scale factor is needed to match the calculated
solution upon exiting the ESR cell was I&. The cell was  ESR amplitude to the experimental data for the respective kinetic
oriented within the microwave resonant cavity (Idz)such that  {races (taking into account instrumental factors). Each radical
accelerated electrons were incident edge-on to the cell and suchy 5 given concentration will have the same basic scale factor.
that the microwave magnetic field was maximum in the plane ¢ yajye for a particular ESR line then takes into account the
of the cell’s broad face. Further details on the current config- yeqeneracy represented by the number and statistical intensity
uration of the ESR spectrometer and Van de Graaff accelerator ¢ 1, hyperfine lines. Thus, if the concentration is properly
can be found in other recent wotk. represented by the kinetic mechanism, the actual scale factor

Yields from TRESR,' A methodqlogy was recently developed haqqed to fit the observed ESR amplitude will be that predicted
to measure r_ad|cal yields from kinetic traces formed fr(_)m the from that of the reference radical. The scale factor will vary
direct detection of TRESF In ESR, the number of radicals from day to day, because the position of the cell in the cavity

(or concentration of radicals in a fixed volume) is related to affects theQ-factor. However, the value foSO;~ has been

the total area of the ESR lines of a spectrum. In the mentioned . e . 0
work,'8 the amplitudes of the kinetic traces of selected lines determined to be constant at 10, within approximateB0%,
over many years.

were measured and the widths taken into account by modeling ) )
the width by means of the spin relaxation timds and T») The parameters that must be.deter.mmed for proper mode!lng
and the line broadening by the magnetic field inhomogeneity Of the ESR responses are given in Table 1. The iterative
(W). Simply stated, the yields are determined by comparing the Mmethodology for determining these parameters is described in
relative “intensity” of the radical under study and that of the more detail in the Supporting Information. The fit to the decay
sulfite radical via kinetic traces taken at the centers of selected Of (CHz).C*—OH and the growth of the adduct in a particular
ESR spectral lines of the two radicals. Thus, for the intensities experiment is shown in Figure 1. Because all the physical and
(or scale factors) of the kinetic traces to represent the true areachemical parameters were incorporated into these simulations,
under an ESR line, the various spin relaxation timeésand there is only a single scale factor left for each kinetic trace.
T,), the chemical rates, and relevant instrumental factors must These scale factors give the relative yield of the adduct, with
be measured and factored into the computation of a predictedrespect to that of the reference radic8l(O;~, after one takes



11048 J. Phys. Chem. A, Vol. 110, No. 38, 2006 Filipiak et al.

into account the degeneracy of the monitored ESR line of the 0.15 ; . T . T .

adduct radical.

The radiation-chemical yield3, in ionizations per 100 eV

o

N

o
T

of radiation absorbed) for (CHC*—OH in the absence of nitrite
was taken to be the sum of tli&s for ey, *OH, and H. It is
recognized that all of the reaction WH with 2-propanol does
not form (CH;),C*—OH and that the relatively high concentra-
tions of 2-propanol and acetone used to form {6 —OH
may raise the yields®’s) from the lower concentration values
somewhat. The main place where the yie@®) (natters is in
the comparison of the ESR intensity of (@kC'—OH and
*SQO;~. The calculations assumed that the radiatiohemical
yield of *SO;™ (in N2O-saturated solution) was equal to the sum
of those fore,q~ and*OH. The inclusion of the radiatien AB, (G)
chemical yield for H, in the case of 2-propanol, was assumed Figure 2. Time-resolved spectrum taken in the time window of-60
to compensate for the portion of th@H reaction that does not 75 us, following the 0.5us radiolytic pulse. A M-saturated agqueous
give (CHy).C—OH. solution of 0.1 M 2-propanal, 0.1 M acetone, and 10 mM sodium nitrite
Computational Details. Density functional theory (DFT) withal mM phosphate buffe'r (pH 7) was used. The zero for .the scale
calculations were performed with local versions of the Gauss- og ma%_netluc field offsetABq) is talégn as th?_ resongnggozcéndltlon for
ian98° and Daltor® electronic structure software packages that the radicals In quartz, corresponding fo a finegat 2. '
apply the B3LYP functiona! This hybrid functional comprises ~ (CHs)2C*—OH with nitrite ions. Nitrite ions also react rapidly
both locat? and nonlocal (gradient-corrected) exchatigend with all the primary radicals: 6.& 10° M~ s~ with *OH,3
correlatio*25 contributions, mixed with a piece of exact 3.5x 10° M1 st with exq >3 and 1.6x 10° M1 s71 with
(Hartree-Fock) exchange. The mixing parameters are derived H*.!
from fits to known thermochemistry of a well-characterized set
of small molecules. For structural studies, a polarized split-
valence basis set, augmented with heavy atom diffussnd
p-functions, was used (denoted 643&*). DFT geometries are
often converged with modest basis sets. EPR parameters were

o

o

&
T

ESR signal
S o
ﬁ_—i

o

-

o
T

o

-

3}
T

NO,” + *OH—*NO, + OH" (5)

NO, +e, —'NO, + (H,0)—'NO+20H (6)

. 2— e
obtained using a basis set specifically designed to recover NO;" + H0—"NO+ 20H @)
accurate Fermi contact interactioffsThe g-factors were - . N
obtained as shifts from the free-electron value by a coupled- NO, +H —~H="NG, (8)
perturbed self-consistent field scheme given by NééSelvent H—"NO,” + HB — "NO + H,0 + B~ )

effects were recovered by reoptimizing the geometrical struc-
tures in a self-consistent isodensity reaction fféldising an In the presence of a buffer, HB,-MNO,~ converts to'NO,

isodensity contour of 0.001 au and then recomputing the 3 the rate constant for,AOs~ is such that this will occur
magnetic properties in the presence of a COS®Meaction field within a few microseconds.

parametrized for wate. To reduce complications with radicals formed from these

. . reactions of nitrite ions with the primary radicals that come from

Results and Discussion the radiolysis of water, the concentrations of 2-propanol and

The radiolysis of water, acetone were normally set at 0.1 M (and higher), and the
concentrations of nitrite was normaltly25 mM. In considering

H,O~> €, , "OH, H, H* D the radiation chemical yields, however, it will be necessary to

take into account these competitive reactions for the primary
is a convenient way to produce strongly reducing radicals radicals. Other concentration conditions were used to test various
(hydrated electrons and H atoms) and oxidizing radicals points of interest.
(hydroxyl radical) that can be scavenged by appropriate  Assignment of the Radical (Spectrum and Kinetics)When
substrates to generate radicals of interest. It is possible to takea nitrogen-saturated aqueous solution containing 0.1 M of both
advantage of all these primary radicals to generate 2-propanol and acetone and 10 mM of nitrite was irradiated,
(CHs)2C*—OH by choosing a mixture of substrates, 2-propanol three ESR lines appeared that were not associated with
and acetone, (CH3),C*—OH. These three lines are shown in Figure 2. The

lines are of almost equal intensity, which suggests a nitrogen

(CH3),CH—0OH + *OH — (CH,),C'—OH + H,0 (2) splitting. If so, the hyperfine splittinga, is 26.39 G, taking
into account second-order shiftsand theg-factor is 2.0052.

with a rate constant of 1.& 1° M~1 713! One nitrogen radical that would seem a likely candidate for
. L this radical is*NO»%~, becauseo-hydroxyalkyl radicals are
(CH3)2C=O+eaq — (CHy,C' -0 (3) strongly reducing radicals. In particular, the redox couple

) ) relevant for electron-transfer reaction 1E¥(CH3),C=0, H/
with a rate constant of 6.% 10° M~ s7131 to form radical (CHs),C'—OH] = —1.39 V vs NHE3

anions (which protonate to form the desired radicals), and
(CH,),C'—OH + NO,” — "NO,”” + (CH,),CO+ H" (10)
(CHy),CH-OH+ H'— (CH;),C—OH+H, (4)
However, this reaction will be followed quickly by reaction 7,
with a rate constant of 9.8 10 M1 s71.32 The reaction that ~ where the rate constant for decay*hO,2~ is 1.6 x 10 s71,
we wanted to isolate and study was the reaction of so the lifetime should bel us?
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In addition, the spectrum in Figure 2 is distinctly different One consideration is the competition of nitrite for the primary
than what might be expected feO,2~; various anisotropic radicals,"OH and gq, that will produce*NO, and *NO2?~,
spectra in solids attributed to this radical have been analyzedrespectively. To access these alternative adduct-formation
with an isotropic nitrogen hyperfine splitting af = 9.5-16 mechanisms, two experiments were performed with a large
G and an isotropig-factor of 2.0026-2.00536-42 For *NO»2", excess of nitrite. In one experiment, 0.2 M of nitrite was used
the DFT calculations described previously givey-factor of with up to 20 mM of acetone at pH 7 (buffered) with 0.1 M of
2.0054 and a nitrogen coupling of 13.5 G in aqueous solution. tert-butyl alcohol that was added to scavenge hydroxyl radicals

On the other hand, a search of the literature on radicals with (N,-saturated aqueous solutions). Because of the difference in
nitro groups shows an exact match for both #hevalue and concentrations of nitrite and acetone, the hydrated electrons are
the g-factor for [HO—C(CHs),NO,]*~.4® This radical was scavenged by nitrite (presumably formim¢0,2~ or H—NO,").
initially discovered through a totally different reaction, namely, As acetone was added, no adduct ESR spectrum could be
the spin-trapping ofOH by (CHs),C=NO,", the aci anion of detected, which ruled outNO,2~ or H—NO,~ as precursor
(CH3)2,CHNO:: radicals to the adduct radical anions. An analogous experiment

was performed to check on the potential involvementN®d,
(CHy),C=NO, + ‘OH—[HO—C(CH,;),NO,]" (11) as the precursor radical. In these experiments, small amounts
of 2-propanol were added to,N-saturated solutions of 0.2 M
The ESR experiment in that reported work was a steady-state,nitrite. Again, there was no evidence of the nitro radical anion,
in situ irradiation with no actual spectrum illustrated. For the and°NO, was ruled out as the precursor radical.
current work, we repeated this experiment on the spin-trapping Secondary Radicat-Radical Reactions. Note that one
of *OH by (CH)>.C=NO,", but in the time-resolved mode. The alternative to electron transfer (reaction 10) is the addition of
resulting spectrum contained the same lines as those displayedhitrite at the oxygen, followed by, or in concert with, a loss of
in Figure 2. The correspondence of the spectrum in Figure 2 *NO (reactions 13 and 14):
with the nitro radical anion produced by a totally different
chemical route provides confirmation of the assignment of the ~ (CH;),C'—OH + NO, — [HO—C(CH,),ONOJ" (13)
ESR spectrum in Figure 2 as that of [H@(CHs),NO,]*~. We
propose that this radical is formed by reaction 12, [HO—C(CH,),ONOJ'~ + H" —HO—C(CH,),OH + ,21181)

(CHy),C'—OH+ NO, —[HO—-C(CH;),NO," (12 (Also see the theoretical considerations below.) This scheme is

equivalent to the electron transfer, because the diol product in
reaction 14 is just the acetone hydrate. Nitric oxide is a free
radical and should react readily with (gklC*—OH, as has been
suggested! Data exist on the rate constants for the reaction of
some radicals withNO:

possibly in parallel with the electron transfer (see reaction 10).
The broadness of the lines is likely to be caused by unresolved
hyperfine splitting by the protons of the two methyl groups.
The DFT calculations described previously confirm this inter-
pretation. The computegHfactor for the nitro radical anion is
2.0056, the isotropic coupling at nitrogen is calculated to be . N
25.9 G, both of which are close to the experimental observation, (CHy),C'—OH + 'NO = (CHy),C(OHNC  (15)
and the averaged splitting due to the methyl protonsQs3 G. The rate constant for radicals derived from ethanol (mainly
Similar calculations for (Ck),C'—OH yield ag-factor of 2.0031  cpy,_+CHOH) is reported to be % 10° M~ 5144 We have
and a large coupling of 19.3 G to six equivalent methyl protons. ¢posen to use this value for reaction 15 in the guantitative
Reaction 12 can be confirmed by examining the kinetics of eaiment of the ESR results, but we have reduced it to2.4
the formation of the adduct and the corresponding decay of 1 -1 s1, because of the lower temperature. The formation
(CH3):C*—OH as in Figure 1. A simple analysis of the decay of +NO via reactions 7 and 14and its reaction with
and growth using single exponentials reveals _that th_epejiod (CHs),C'—OH, are important additions to the basic adduct-
for the decay was 12,65 and that for the #buildup time for formation mechanism previously presented. A similar reaction

the growth was 9.@s. This difference in apparent rate Constants jolyes*NO, formed from*OH via reaction 5 in competition
is quite real and persisted at all concentrations of nitrite and \yitn reaction 2.

variations in the concentrations of radical scavengers (acetone

and 2-propanol). This difference was also apparent in simula- (CH,),C’—OH + *"NO, — HO—C(CH,),NO,  (16)

tions that included the self-reaction of (gkC'—OH. A higher

rate constant was consistently observed for the growth of Al the reactions up to this point do not provide simulations

[HO—C—(CHj3)2NO;]*~ than for the decay of (CghC'—OH. that describe the observations satisfactorily. A reviewer sug-

Considerable effort was expended in trying various additions gested the missing reaction, reaction 17:

to the basic mechanism. These changes did not address this

difference in rate constants without introducing other incompat- [HO—C(CH;,),NO,]"” + *NO — nonradical product (17)

ible features, such as a subsequent decay in the ESR of the

adduct. The apparent rate constant for the reaction of When this reaction is included, the simulation works well.

(CHz),C*—OH with nitrite was in the range of1.5 x 10°—3 Radical Yields. The modeling of the ESR time profiles

x 108 M~1s71, Experiments with nitrite concentrations from 5 included reactions 410 and reactions ¥217, plus the self-

mM to 25 mM qualitatively showed the expected variation in reaction of (CH),C*—OH, as well as the appropriate Bloch

the observed growth and decay pseudo-first order rate constantsequations. We have not found any value for the rate constant

The amplitude of the ESR of the adduct was relatively small, for k;6 and, therefore, have used the same valu&as(The

such that only a fraction of the reaction must produce the adduct.importance of reaction 16 is greatly reduced in experiments
Alternative Precursors. Before applying a more quantitative  using 0.4 M 2-propanol.) It was assumed that reactions 7 and

analysis to the ESR observations, it is important to eliminate 14 were rapid. The competition between nitrite and acetone or

other possible precursors as sources of HEICH;),NO,]*~. 2-propanol for the primary radicals was taken into account as
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an initial condition. In the case of HfNO;~, reaction 9 was  TABLE 2: Results of Fitting the Electron Spin Resonance
assumed to be fast. A branching ratio was introduced as the(ESR) Time Profiles*

fraction of the total reaction of (CHLC*—OH with nitrite via [nitrite] branching K17 scale factor for scale factor
addition (reaction 12). The relevant ESR parameters, such as (mM) raticc  (x 108M~tsl) (CHg),C—OH for adduct
the spin relaxation times, field inhomogeneity parameter, and [Acetone]= 0.4 M; [2-Propanoll= 0.1 M

microwave magnetic field (see the Supporting Information) were 5 0.33 3.0 0.81 49

as given in Table 1. The relative radiolysis dose was monitored 10 0.35 3.0 0.81 41

by the electron beam current collected from the ESR cell, and %g g-gg 2-8 g'gé 35}
corrections were made for any variations in that quantity (no g 0.38 3.0 0.80 41

more than approximatel5%). The corresponding radical

concentration was determined from fitting the decay of the ESR [Acetone]= 0'13'\g; [2-Propanolf=0.4 M

) . . . g 5 0.33 0.79 3.3
signal of (CH).C*—OH in an experiment with no added nitrite. 10 0.37 35 0.80 41
Typical initial radical concentrations were40 uM, corre- 15 0.37 3.5 0.78 4.1
sponding G = 6) to a radiation dose of65 Gy. A comparison 20 0.41 3.5 0.82 4.5
with the ESR signal ofSO;~ was also made, to demonstrate 25 0.38 3.5 0.82 4.1

the quantitative accuracy of the method. The only parameter aThe value ok, + ki2 + kizswas fixed at 1.6x 106 M~1s1, based
left is the scale factor, which represents an overall measure ofon fitting the decay of (Ck).C'—OH, and represents the total rate for

the intensity of the line as outlined in the Experimental Section reaction of (CH),C'—OH with nitrite. ® kid/(kio + ki2 + kig). © Value
and Supporting Information. fixed based on the value fo80;~ on the same day.

As a demonstration of the method, the yield of
(CHs3)2,C*—OH in solutions with 2-propanol and J® was
compared with that ofSO;™~ in a sulfite solution with NO. To . o
avoid possible problems with congestion of lines in the center 1 N€ decay of (Ch).C*—OH was analyzed first, because it is
of the (CH),C'—OH spectrum, the kinetic traces were taken Mainly affected bykio + kiz + kia, which represents the total
of “intensity line 6”, at high and low field. These lines are split rate constant for the reaction of (gkC"—OH with nitrite. The
into two by the—OH proton by~0.42 G (0.35 G measured at initial decay is steeper than otherwise predicted, and the
the temperature used). Each of these two lines are further splitinclusion of reaction 16 withNO, improves the fit. This part
(with an intensity ratio of 1:5) by the predicted second-order Of the analysis goes well as for both solutions, and the fitting
splitting of 12 x ay2(CHs)/(4vg) ~ 0.6 G3* wherevy = 3350 can be done with a constant valuel@f + kiz + ki3 = 1.6 x
G, using the approximate centerline. The highest-field lixBg( 10 M~! s71. There is considerable reduction in the initial
= 35.59 G) of these four components of “intensity line 6” can concentration of (Ch).C*—OH at higher nitrite concentration,
be isolated, and its kinetic trace was used in the yield because of competition for the primary radicals. The almost-
measurements. The average of this kinetic trace with the kinetic constant scale factor for (G}C*—OH (for both solutions)
trace of the matching low-field lineABy = —44.22 G) was shows that the calculations properly account for that fact.

taken, to remove the chemically induced dynamic electron The ESR line studied for [HEC(CHs)oNO,]*~ is quite
polarization (CIDEP). The resulting scale factor was 0.37; that solated; therefore, its scaling factor was set at one-third of that
of *SO;™ was 10.7. The yield of (Ckl,C*—OH is 100%x (0.37/ for *SQO;~, under the same instrumental conditions (12.2 for the
10.7) x 64/Cls x °l2), which is 89% of that ofSO;™. In this  first set and 13.0 for the second). Under these constraints, three
expression, the factor of 64 comes from the total intensity of parameters affect the amplitude of the ESR of
the 1:6:15:20:15:6:1 pattern associated with the six equivalent o —c(CHy),NO,]*": the rate constant for the reaction of

protons from the two methyl groups. The factor%f comes (CH3),C*—OH with nitrite, the branching factor, and the rate
from “intensity line 6” being split into two by the proton of the  5stant for reaction 17.

OH group, and the factor of/s comes from the intensity . . .
distribution in the second-order splitting pattéfrizor measure- of ![ﬂtéo: du dclj';n :tfsr;aailttleornraltz igﬁg:;:?se iet‘ r:;ll;géieﬂ?g Lgelcllzjil?e d
ments in solutions that contain nitrite, a particular second-order : !

curve to level off at a lower value, such that the apparent 1/e

component that is part of the central line group and has 7 .~ .
: . lifetime is shortened. This effect reduces the valu&;eft+ k
degeneracy o¥1.swas measured. The scale factor in a particular i - 1 12
9 y Otz P + ki3 that is needed and, indeed, the best value matches that

experiment without nitrite was 0.74, and so the total intensity ) : ;
was 10.5. This value is 87% that of 12.1 f80;~ on that day [0 the (CH)>:C*~OH decay. If the value dt7 is too high, the
and is in agreement with that using the average of the outer CUrVe reaches a maximum and then decreases. This rate constant
lines described previously. Experience with this technique Was adjusted to give a fit to the data. No reason was observed
suggests that the accuracy of this determination is approximately!® change the rate constant value for the total reaction of
+£10%. (CH3)2C—OH with nitrite. Results for the other experiments

A large number of individual experiments were conducted with varying 2-propanol and acetone concentrations were

following the decay of this same (central) ESR line, as well as Comparable but were not analyzed in the same detail. The
the growth of the central line of the adduct approximate constancy of the values for the rate constants and

[HO—C(CHs),NO,]*~. Many different concentrations of acetone the s_caling fgctors with nitrite concentration shpws that the
and 2-propanol were used, and the nitrite concentration was Kin€tic analysis accounts for the observed behavior quite well.
varied from 0 mM to 25 mM. Many of the experiments used  To summarize, the fraction of [HOC(CHs)2NO]*~ formed

0.1 M for both acetone and 2-propanol. Because of significant is 0.38= 0.04 of the total (Ch).C*—OH reaction with nitrite.
competition for the primary radicals, detailed results of the curve In our model, the remaining reaction is electron transfer,
fitting (as in Figure 1) will be presented for two experiments in reactions 10 or 13 and 14, via an adduct at oxygen. An important
which the acetone and 2-propanol concentrations were 0.4 andreaction for modeling of the kinetics is that GO with

0.1 M, respectively, in the first case and 0.1 and 0.4 M, [HO—C(CHs)oNO,]*~ (reaction 17).

respectively, in the second case. A summary of the parameters
of the fitting is given in Table 2.
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(a)

Figure 3. Structures from density functional theory (DFT) computations.

TABLE 3: Relative Free Energies for NO,~ Addition to
1-Hydroxy-1-methylethyl

Relative Free Enerd@ykcal/mol)

bonding TS adduct
C—-N 6.0 (17) —-6.1(-2)
c-0 14 (21) —18(—12)

aB3LYP/6-31+G* free energies, relative to separated reactants,
including thermal and standard state corrections for 298 K, 1 atm in
gas phase ahl M in solution. Solution values (CPCM HF/6-3G*//
B3LYP/6-31+G*) are given in parentheses.

Theoretical Considerations of Adduct Formation at Nitrite
Oxygens. The formation reactions of the two adducts
([HO—C(CH3)2NO,]*~ and [HO-C(CHz),—ONOQO]J*") were in-

J. Phys. Chem. A, Vol. 110, No. 38, 20061051

(b)

calculations is simply not accurate enough to predict this
equilibrium constant.

Conclusions

Two observations show that the reaction of @g@—OH
with NO,~ proceeds via competing pathways, such as reactions
10, 12, and 13; the yield of [HOC(CHs),NO,]*~ in the electron
spin resonance (ESR) experiments is only 38%4% of the
reaction of (CH),C*—OH and nitrite. Furthermore, the absence
of observed radical products, other than [HO(CHs).NO_]*~,
is consistent with the density functional theory (DFT) calcula-
tions, which indicates that [HOC(CH;z),—ONOJ*~ (if formed)
readily disassociates to forrNO, which is a radical that is
difficult to detect in solution with ESR.

vestigated using DFT. The gas-phase optimized structures are
shown in Figure 3, and the free energies of the transition states Acknowledgment. P.F. and D.M.C. gratefully acknowledge

and adducts, relative to the isolated reactants;j§+—OH and
NO,~, are listed in Table 3. Figure 3a shows that the ND
bond in the [HO-C(CHs),—ONOJ'~ adduct is long (2.081 A)
and, similar to the homologous HONOcomplex}®> would
break apart to form°*NO in solution. The products
HO—C(CHg)2—O™ plus°NO are 22 kcal/mol more stable than
(CHg3),C*—OH and NG, according to DFT with a single-point
solvent calculation. The transition state’s free energy for this
reaction path is~4 kcal/mol higher than the €N adduct
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significant, given that the default United Atom Hartreleock
(UAHF) cavity definition used by the Gaussian98 CPCM

solvation model gives solvation energies for anions that may

deviate, on average, from the experiment bysdkcal/mol46:47
Furthermore, the UAHF cavity definition scheffiavas not
parametrized for transition-state structures. ThereforeOC
adduct formation, in addition to competing parallel reactions

(reactions 7 and 8, and/or reactions 11 and 12), could explain

the yield of the observed adduct, [HZ(CHs)oNO;]*~, being

for suggesting the reaction 8O with the nitro radical adduct
to explain the faster apparent growth of the adduct compared
to the observed decay of the alcohol radicals.

Supporting Information Available: Determination of pa-
rameters for modeling the time dependence of the ESR signal
and coordinates for the structures of transition states leading to
C—N and C-0O adduct radicals. (PDF format.) This material is
available free of charge via the Internet at http://pubs.acs.org.
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