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Very rapid oxidations of BHs" by Br,, Cl,, and BrCl are measured by stoppeftbw and pulsed-accelerated-
flow methods in acidic solutions with excessHd™. Second-order rate constants (M) at 25.0°C, u = 1.0

M are 1.49x 107, 1.01x 18, and 5.6x 10? for the reactions with Bt Cl,, and BrCl, respectively. The reactions
are postulated to proceed by nucleophilic reaction g\ with XY electrophiles (XY= Br,, Cl,, BrCl) to form
XN,H4" with Y~ and H" release in the rate-determining step. In the subsequent reactions, we proposethat XN
eliminates X and H" rapidly to form NHz* and diazine, MH,, which is oxidized by a second BICl, or BrCl

to form N, in fast steps. The stoichiometries are measured and confirmed to be 1:2 fop Hrel®@rCl reactions.
The relative reactivities for the oxidation o, Ns* by halogens and interhalogens (BrelCl, > Brp > ICl >
IBr > 1,) are used to establish an electrophilicity scdigy( for this type of reaction in agueous solution.

Introduction small amount of hydrazoic acid was formed by the action of
Hydrazine is a very reactive reducing agent that is used in a ch:orllne V\gth hydrazmef sulfa:;[e .'?] .bg.th acid .and ilkam?e
variety of applications such as rocket propellants, explosives, solutions, but none was forme with lodine regctlon. T ey aiso
boiler feedwater deoxygenation, and pharmaceutical synthesis. gletecte_d traces .Of azide ion4j from the reaction of bromine
The oxidation of hydrazine in aqueous solution was recently n aIkaIme s.olut|on. ) ) )

reviewed by StanburyA general mechanism for the oxidation The kinetics of the reactions of hydrazine with aqueous |

of hydrazine was given by Higginsdin 1957 based on Kirk have been studied by Liu and MargerdhiThey showed. that

and Browne’s classificatidnof one- and two-electron oxida-  the reaction between and NH,4 proceeds by the formation of
tions. In one-electron oxidations,,Ns was proposed as an & complex #NzHa. This complex eliminates Ito form a steady-
intermediate that yields a mixture of hydrazoic acid @iN  State species I¥H,", which eliminates T and H" to form
dinitrogen, and ammonia. In two-electron oxidationgHjwas NoHs". The subsequent intermediate, diazingH}), is oxidized
proposed as an intermediate that leads idddmation. lodine rapidly by a secondyto form N,. Recently, Jia and Margerd#

is a two-electron oxidant, and the stoichiometry ofvlth NoH4 reported that the oxidation of hydrazinium ion ") by

has been shown to be ZIThe stoichiometry of the reaction |nterhalogens.ICI anq IB( follows a similar mechanism as the
between Gl and NoH, was often assumed to be ZDlsor! N2Hs™/I, reaction. Oxidations of pHs™ by I, IBr, and ICI are
determined that the number of gram atoms of Cl consumed per@ll Proposed to proceed by ahtransfer process, and the relative
mole of hydrazine was 4.15 (no precision was given). A 'ates are in the order of IC+ IBr > I,.

stoichiometric reaction Choi and Parké attempted to study the reaction between
hydrazine and Brin sulfuric acid solutions by a chronopoten-
tiometric method. No consideration was given to the effects of
the protonated species of hydrazineHy" and NHg?", or to

in eq 1 was suggested by Chuprina and co-wofkéos the the Bz~ complex, and the reported rate constants are not valid.
removal of chlorine from hydrochloric acid by the use of The kinetics and mechanisms of the oxidation of hydrazine by
hydrazine chloride. A similar stoichiometric reaction was used Cl, and BrCl have not been previously studied. High acid and
by Kalavska and Rurikovaor the determination of hydrazine  halide ion concentrations are needed to suppress the reaction
in its reaction with Bs. Browne and Shetterly reported that a rates and to prevent the hydrolysis of halogens and interhalo-
gens. In high acid concentrations, the reactions are suppressed

N,H, + 2Cl,— N, + 4HClI (1)

(1) Schmidt, E. W.Hydrazine and Its Detiatives Wiley: New York,
1984; pp 714-856.

(2) Stanbury, D. M. InProgress in Inorganic ChemistrKarlin, K. D.,
Ed.; John Wiley & Sons: New York, 1998; pp 5t561.

(3) Higginson, W. C. EChem. Soc., Spec. Puli957, 10, 95-111.

(4) Kirk, R. E.; Browne, A. W.J. Am. Chem. S0d.928 50, 337—347.

(5) Cooper, J. N.; Ramette, R. W. Chem. Educl1969 46, 872-873.

(6) Higginson, W. C. E.; Suttton, D.; Wright, P. J. Chem. Sacl1953
1380-1386.

(7) Olson, E. CAnal. Chem196Q 32, 1545-1547.

(8) Chuprina, L. F.; Shatalov, B. I.; Levinskii, M. I.; Mantulo, A. P.;

Shmatolokha, D. BKhim. Tekhnol. (Kie) 1981 6, 22—24.
(9) Kalavska, D.; Rurikova, DActa Fac. Rerum Nat. Uni Comenianae,
Chim. 1985 33, 35-42.
(10) Browne, A. W.; Shetterly, F. . Am. Chem. Sod.908 30, 53—63.

because BHs" is less reactive than M, while NoHg?" is not
reactive. The protonation constant ofH¥™ to form NoHg2™,
Kpz = [NoHe2t)/[NoHsT][H ], is 1.72 ML atu = 1.0 M and
25.0°C .12 High concentrations of halide ions such as Bind
Cl~ also suppress the rates becausg B€l;~, and BrCh~ are

not reactive. The formation equilibrium constants for these

halogen and interhalogen complexes are 161 fr Kgz =
[Brs}/[Bro][Br~],14 0.18 Mt for Kciz = [Cl3~}/[Cl][CI],%4
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and 3.8 M'* for Kgrcz = [BrCl, J/[BrCI][Cl “]* atu = 1.0 M Results and Discussion
and 25.0°C. In this work, rate constants for oxidation of
hydrazine by By, Cl,, and BrCl are measured in high acid and b

: o . , -~ be
high halide ion concentrations and the corresponding reaction
mechanisms are proposed.

Reaction StoichiometriesThe stoichiometry of the reaction
tween G and NHs™ was determined by mixing a known
concentration of excess hydrazine in 1.04 M HCI with known
concentrations of hypochlorite solution. The PAF instrument
Experimental Section was used as a precise and rapid mixer. This method overcomes
Reagents Experimental details for the preparation and standardiza- the difficulties in quantification and handling of the :Cl
tion of solutions and “bromide-free” hydrochloric acid are given in Solutions. When excess hydrazine in 1.04 M HCl is mixed with
previous worki2 The ionic strength/() was adjusted with aqueous  hypochlorite solution, Glis generated very quickly from the
NaClQ, that was recrystallized from water. Stock solution of hypochlo- reactio® of HOCI and HCI and reacts rapidly with,Ns*.
rite was prepared by bubbling ultrahigh-purity.@as (Matheson,  Qur preliminary results show that the second-order rate constant
99.9%) into 0.2 M Ne_tOH solution gnd stored af®G ir_l a Nalgene for the reaction of MHs™ and HOCI (measured at pH 3.07) is
bottle._The hypochlorite stock solution was standard_lzed spe:ctropho-2.66 x 108 M1 s 1 which is much slower than the corre-
tometrically at 292 nméoc = 362 M crr). ¢ Chlorine solutions sponding Ci reaction. Three reactions with different concentra-

were prepared by T-mixing hypochlorite solution and “Bree” . - - .
hydrochloric acid and used immediately for kinetic studies by transfer tions and molar ratios of chlorine and hydrazine were performed

from syringes. The bromine solution was prepared by adding liquid O PAF. Approximately 100 mL of solution from 10 pushes

Br, dropwise to a 0.8 M HCI@solution to prevent hydrolysis. The ~ Was collected for each reaction. The stoichiometry of the

concentration of Brwas standardized spectrophotometrically at 390 reaction between BrCl and;Ns" was determined by mixing a

nm (egrz = 175 M1 cm1).24 Solutions of BrC}~ were prepared by known concentration of excess hydrazine with a known total

acidifying a stoichiometric mixture of NaBr and KBgQvith “Br - concentration of BrCl solution in~6 M HCI, where BrCj~

free” HCIM predominates® Data for four reactions with different concentra-
tions and molar ratios of BrCl and hydrazine were obtained.

BrO,” + 2Br +6H" + 6CI- —3BrCl,” +3H,0  (2) The excess hydrazine in the reaction mixture was back-titrated

in ~5 M HCl with 0.01 M KIO; standard solution. The average

The stock solutions of hydrazine were prepared from eithet,NHCI stoichiometries are 2.0% 0.03 for the C4/NsHs" reaction and
or NoH4H,S0O; solids and standardized (in5 M HCI) with 0.025 M 2.04 + 0.02 for the BrCl/NHs" reaction. The results are
KIO3 solution’ summarized in Table 1. The precision of our results is no better

Methodology and Instrumentation. Kinetic studies for the reaction  than 1-2%. Hence, trace levels of other products could be

of hydrazine and Brwere performed on a Applied Phot_oPhysics formed. However, if appreciable amounts of Nre formed, it
stopped-flow spectrophotometer (APPSF) SX.18MV (optical path 14 |ead to XY/NHs* ratios of less than 2.0, and this is not

length = 0.962 cm), which was controlled from a dedicated Acorn : _ .
RISC PC (RISC OS 3, version 3.60) with APP software (version 4.33). Lhe glgseﬁ In the B/hozH4 reaction, ’\iéd V_I\{?]S %?tscied only in
Kinetic studies for the oxidation of hydrazine by,Gind BrCl were ase,” whereas we have strong acid. The/BpHs" reaction

performed on a pulseeaccelerated-flow (PAF) spectrophotometer ~Should follow the same stoichiometry as the corresponding Cl
(model IV) 18 The PAF spectrophotometer uses integrating observation and BrCl reactions. The general stoichiometric reaction is
during continuous flow mixing of short duration (0.4 s pulse, optical described:

path length= 2.050 cm). Pseudo-first-order rate constants greater than

10 st are resolved from the physical mixing processes by variation N2H5+ + 2XY — N, + SH™ +2X~ +2Y~ 4)
of flow velocities under turbulent flow conditiort8.Reactions were

followed by the loss of By at 266 nm ¢g;s = 40 900 M+ cm™*), ™ Reaction of NbHs* and Br,. With excess total hydrazine
Cl3™ at 230 nm éci3 = 9400 M cm™1),* or BrCl;~ at 232 nm égiciz (IN2Hs*]+ = [N2Hs*] + [N2He2*]) and high concentrations of

=32 70Q M cmr1)i4 with excess total hydrazine concent_ration under Br- and H', the loss of total bromine ([Bfr = [Br2] + [Brs ),
Eﬁﬁ:?a?:'ir:tégf?neé dci?]ndntlons. The observed pseudo-first-order rate <o rved at 266 nm, follows first-order kinetics. The observed
first-order rate constants (measured on the APPSF after the
—d[XY]; cc_)rrection for mixing) are first-order in [MHs*]t as shown in _
g = KosdXY1+ (3) Figure 1. The observed first-order rate constants decrease with
increasing [H] and [Br] (Figure 2) because of the lack of

o ot _
where XY = Br,, Ch, and BrCl, and [XY} = [XY] + [XY,]. Each reactivity of NbHg?" and Bg~. The data correspond to

first-order rate constanky,sqs measured on the APPSF or PAF is an 2 NLH.*
average of five trials. Thky,sqvalues from the APPSF were corrected ko _ kBrz[ 2l's ]T )
for mixing limitations of this instrumient by USinGor = Kobsd[1 — bsd (1 + Kgo[Br (A + KPZ[H+])

(kobsdkmix)], Wherekmix = 4.62 x 10° s7.19 All reactions were run at

25.04 0.1°C andu = 1.0 M. Spectrophotometric measurements were _ .
performed on the Perkin-Elmer Lambda-9 UV/vis/NIR spectropho- where the (I Kes[Br-]) term corrects for By~ formation and

tometer interfaced to a Zenith 386/20 computer with solutions ther- the (1+ K,PZ[H+]) term corrects for hHg*" formation. The ra,te
mostated to 25.6- 0.1 °C. suppressions by Hand Br correspond only to the formation
of NyHeZ™ and Bg~ without any additional H and Br
(14) Wang, T. X.; Kelley, M. D.; Cooper, J. N.; Beckwith, R. C.; Margerum,  Suppression (unlike the dependence found for IBr reactfns
D. W. Inorg. Chem.1994 33, 5872-5878. The resolved second-order rate const&sp) for the reaction
(15) Liu, Q.; Margerum, D. W. Unpublished results. of NoHst and Be is calculated from the slope in Figure 1 in

(16) Furman, C. S.; Margerum, D. Worg. Chem1998 37, 4321-4327. . . .
(17) Jeffrey, G. H.: Bassett, J.; Mendham, J.. Denney, RVGgel's accord with eq 5, which gives a value of (1.490.02) x 107

Textbook of Quantitate Chemical Analysjsth ed.; Wiley & Sons: M~1s1at 25.0°C andu = 1.0 M.
18 gew Y°fké 1339F: P 4|02- K D Nagv. J. C.: Ridlev. T. Y. W Reaction of NoHs* and Cl. The oxidation of hydrazine by
(18) Y?KY?E\’Ien‘S S V?,?.eM";?gémm D. \?gxél.'cr{émh;g); 69 4'é1_ang’ aqueous chlorine is very fast, and rate suppression due to the
438.

(19) Baron, C. D.; Margerum, D. W. Unpublished results. (20) Wang, T. X.; Margerum, D. Winorg. Chem1994 33, 1050-1055.
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Figure 1. Dependence of the observed first-order rate constants on
[N2Hs™]+ for the oxidation of NHs" by Br, at 25.0°C andu = 1.0 M

on the APPSF. Conditions are the following: $Br= (0.37 to 1.9)x
105M, [HT] = 0.246 M, [Br] = 0.7716 M,A = 266 nm, slope=
(1.56+ 0.02) x 1P M~1sL
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Figure 2. Observed first-order rate constants as a function of] [H
(O) and [Br] (®) for the oxidation of NHs* by Br, at 25.0°C andu
= 1.0 M on the APPSF: Q) [N2H5+]T =7.63x 10°° M, [Brz]T =
1.20x 10°°M, [Br7] = 0.3585 M, = 266 nm; @) [N.Hs"]t = 7.63
x 105 M, [Bro]r = 1.14 x 105 M, [H*] = 0.125 M, A =
266 nm.

Table 1. Measurements of Stoichiometry for the,@l,Hs" and the
BrCI/N,Hs" Reactions

stoichiometry

[N2H5+]T [Clz]'r or [N2H5+]T M, Clz (OI’
reaction M [BrClltM unreacted  BrCI)/N,Hs"
Cl; + NzHs" 0.00994 0.00549 0.007 16 1.970.02

0.01491 0.01098  0.009 54 2.840.01

0.01988 0.01647 0.01170 2.¢10.01

ave: 2.01+ 0.03

BrCl + NoHs* 0.00985 0.01125  0.004 535 2.660.01
0.01248 0.009 375 0.007 838 2.820.01

0.01711 0.01071 0.01188 2.850.01

0.018 63 0.007 000 0.01521 2.850.01

ave: 2.04+ 0.02

formation of Ck~ is small becaus&cz is only 0.18 M

CI3

K,
Cl,+ Cl-==Cl," (6)

Because of the small fraction of £| high concentrations of

Jia et al.

Table 2. Reactions of MHs" and Ch under Second-Order Unequal
Concentration Conditions on the PAF

100NHs'r  109Cll 10 7k,

M M [N 2H5+]T/[C|2]T M-1s1
2.08 1.45 1.43 6.20.1
2.77 2.00 1.39 7.1+0.1
4.16 2.56 1.63 6.1% 0.08
5.54 3.12 1.78 6.20.2
5.54 1.45 3.82 54204
6.93 2.00 3.47 6.50.2
8.31 3.12 2.66 7.20.2
8.31 2.56 3.25 7504

ave: 6.9+ 0.5

a Conditions: [HCI]= 1.00 M, 25.0°C, 4 = 230 nm.

Bromide ion can interfere with the reaction of chlorine and
hydrazine by forming BrCl and Brgt,13

Cl,+ Br  =BrCl,” @

BrCI2

K
BrCl + CI" ==BrCl, (8)
and BrCl is very reactive toward JNs™. The formation
equilibrium constant of BrGt from the reaction of Gland
Br~ (eq 7) is calculated to be 1.2 10’ M~ by using related
equilibrium constant$ andE° values of C§/CI~ and Bg/Br~.
Most of the Br (1.0 x 10> M) in 1.0 M HCI (without
purification) will be converted by Glto BrCl and BrC}—, and
its concentration can be as much as 10% of the chlorine solution
that is used. Bromide formed from the reaction of BrCl and
NoHs™ will regenerate BrCl from its reaction with £(eq 7).
To obtain accurate kinetic measurements;“Bee” HCl is used
for the reaction of MHs™ and C}.

Rate constants were measured (Table 2) by the PAF technique
for a series of reactions under second-order unequal concentra-
tion conditions with different [BHs™]1/[Cl;]t molar ratios in
1.00 M HCI. The resolved second-order rate constiasy, is
calculated from

_ k(L + Kgg[CIT)(A + KedH ™)
2

2 9)

in which k; is the observed second-order rate constdgg =
0.18 ML, Kp, = 1.72 ML, and [HCI] = 1.00 M. For the
reaction of NHs™ and C}, the average second-order rate
constanikcp is (1.11+ 0.08) x 108 M~1 st at 25.0°C andu

= 1.00 M.

The reactions of BHs™ and C}b under pseudo-first-order
conditions were studied with increasing total hydrazine con-
centrations in 1.00 M HCI. The observed pseudo-first-order rate
constants are first-order in total hydrazine concentrations (Figure
3), where the slopé; is (6.3 4+ 0.2) x 10’ M~1 s71 for the
reaction of NHs" and Ch. The resolved second-order rate
constantkg; is calculated to be (1.0% 0.03) x 1B M~1s71
at 25.0°C andu = 1.00 M. This second-order rate constant
(obtained under the pseudo-first-order conditions) is in good
agreement with the rate constant obtained under second-order
unequal concentration conditions.

total chlorine solution are needed to reach reasonable absor- Reaction of NNHs™ and BrCl. The plot of the observed first-
bance. The reactions were studied by the PAF technique underorder rate constant&ynsg Vs [NoHst]t is linear as shown in
both second-order unequal concentration conditions and pseudofigure 3. The observed second-order rate congtamthe slope
first-order conditions. In the second-order unequal concentrationin Figure 3, which is (8.6 0.8) x 10’ M~1 s~ for the reaction

reactions, the initial total concentration of chlorine was calcu-
lated from the initial absorbance of chlorine solution and the
calibration curve on PAF under the same conditions.

of NoHs™ and BrCl in 1.00 M HCI. The resolved second-order
rate constantkg,c;, is calculated to be (5.6 0.5) x 10° M1
s 1at 25.0°C andu = 1.00 M according to eq 9, whekscp
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Table 3. Rate Constantskgy) of Oxidation of NHs™ by XY at

4 +
107N,Hy i, M 25.0°C and ElectrophilicitiesExy)

00 05 10 15 20 25

2.5_,,,.I,,,,lj,,,',,,,h,,,l,,,%3.0 Kxy Exy Exy
r ] XY M-tst aqueous-phage gas-phase
20F . 1% I, 0.70° 0
~ [ BrClreaction 1,0 IBr 7.6 x 10°b 5.0
‘v 15[ 37 7, ICI 4.12 x 10PP 6.8
E [ 35 _‘2 Br, 1.49x 10°¢ 7.3 7.4
&~ 1° & cl, 1.01x 10P¢ 8.2 5.1
s OF 1, % BrCl 5.6x 108 8.9 9.0
. 10 = CIF 9.8
03 3 Cl, reaction Jos aReference 11y = 0.5 M. ® Reference 124 = 1.0 M. ¢ This work,
g 3 u = 1.0 M. ¢ This work. ® Reference 25.
00 & il g
00 05 10 15 20 25 3.0

3 . rapidly by a second XY to form Nin multiple steps (eq 16).
10°[N,H, Ty, M i o :

erefore, the stoichiometric ratio value of 2 in egs 5, 9, and
Figure 3. Dependence of the observed first-order rate constants on 10 is taken into account for the consumption of the second XY.
[N2Hs*]+ for the oxidation of NHs* by Cl, () and BrCl| @) at 25.0
°C andu = 1.00 M on the PAF: £) 10 %kopsq VS 1G[N2Hs"]r, [Cla]t N + Ko ot
= (0.51 to 3.30)x 104 M, [HCI] = 1.00 M, A = 230 nm, slope= N,Hs" + H" == N,Hg¢ (fast) (12)
6.3+ 0.2) x 100 M~ 5% (M) 10 *Kopsa VS 10[NHs" ]+, [BrCljt =

(0.469 to 2.344)x 1075 M, [HCI] = 1.00 M, A = 232 nm, slope= -
(8.6+0.8)x 100 M1s2, XY +Y ==XY, (fast) (12)
Sch_eme 1. Transition State for the Reactions of#™ and )
XY in Eq 13, Where XY= Bry, Cly, and BrCl N2H5+ + XY AXNZHJ +Y 4+ H (rds) (13)
EY
¢ N NCR
" H XNH, = NH;" + X"+ H" (fast)  (14)
= 3.8 MLis used instead dfcs. The observed first-order rate N,H, = N,H, + H"  (fast) (15)
constants change as a function off[Hfrom 0.423 to 0.844
M) and [CIT] (from 0.462 to 0.928 M), consistent with N,H, + XY — N, + 2H" + X"+ Y~ (fast) (16)
+
Kpog= 2KkgciNoHs 17 (10) Relative Reactivities for the Oxidation of NoHs". Second-
bsd (1 + Kg,cplCl D@ + KpfH™]) order rate constants for the oxidation ofH* by halogens

and interhalogens are summarized in Table 3. The relative
reactivities for the oxidation of pHs* are in the order of BrCl

> Clp > Brp > ICl > IBr > I,. The reactions occur by X(X

- = 1, Br, CI) transfer rather than electron transfer. A linear free
eq 8). The terms (*+ KpH*]) and (1+ K Cl7]ineq10 1o . ;

(eq 8) (# KedH)) ( re{CI7]) q energy relationship was reporf@dor log kix (X =1, Br, Cl)

are used for that correction. .
General Mechanism for the Oxidation of NeHs* by XY vs logKc, whereKc values are the complex formation constants
) of IX with pyridine and 3-methylpyridine. Halogens and

From the kinetic studies, a general mechanism for the oxidation . o . . ) :
of NoHst by XY is proposed in egs 116, where XY= Br, interhalogens can be classified as Lewis acids with decreasing
Cly, and BrCl. The NHs" ion acts as a weak nucleophile in acid strength as ICk BrCl > IBr > I, > Bry > Cl, by the
the reaction with XY electrophiles to form a reactive intermedi- comparison of the free energies of trihalide formaﬁéfr_.h!s_
ate, XNoH4™, in the rate-determining step (eq 13). The transition is clearly not the dependence we observe. The reactivities of

state for reaction 13 is shown in Scheme 1, where the reactionhfilogenﬁ_l"_’md ir|1terhhalogens with m;]cleophiles_ dep;”\bd 03 their
proceeds by concerted—-X¥ bond cleavage and XN bond electrophilicily. In the present case the energetics 6kMon

formation with X* transfer as a net result. An electron-transfer form'at|on_ ?”d_Y Ioss_are both important. '_I'he contribution from
mechanism has been ruled out for the oxidation of hydrazine Lewis aC|d|ty.|s' less important, although it may account for the
by I, where the calculated rate constants are 9 orders of greater reactivity of qu compared to"CI. "
magnitude smaller than the measured dida. the oxidation From the kinetic studies of halogen and interhalogen addition
of NoHs™ by ICI and IBri2 the first step to form INH,* is to olefinic compounds in acetic acid solutions, White and
reversible. However, for By Cl,, and BrCl the reverse reaction Robertso’ estimated the following relative react|V|t|e§,(ﬂ),
in eq 13 is not appreciable, and hence, no additiongl Bt~ IBr (3 x 103.)’ I.Cl .(.105)' Br; (109, and BrCl (4x 10), which
or CI~ suppressions are observed. The reactive intermediateshas some similarities to our results ex_c_e|_ot for the order of Br
BrN,H,~ and CINH,* are more acidic than M4+ because and ICl and the smaller range of reactivities. Our values of the
- + i
bromine and chlorine are more electronegative than iodine, second ordegr ra:je con?tants(@tf(()ir the (;(Y/ Nles h;e;acﬂor!s
which tends to make eq 13 irreversible. In the subsequent rapidrange over 9 orders of magnitude and INvolve feiease in
reactions, XNH,~ can eliminate X and H- to form NoHs* aqueous solutions. It is possible to establish an electrophilicity
(eq 14), which is in rapid equilibrium with diazine,,N; (eq scale for halogens and interhalogeti&y() according to the

15). The dissociation constaﬁr;rt obiNs* to form NZH% (eq 15) (21) McKee, M. L.J. Phys. Chem1993 97, 13608-13614,
was calculated to be 32 Kt We propose diazine as an (32) Scott, R. LJ. Am. Chem. S0d953 75, 1550-1552.
intermediate, but it is not detected. Finally, diazine is oxidized (23) White, E. P.; Robertson, P. W. Chem. Socl939 1509-1515.

The decrease of the first-order rate constants with increasing
[HT] and [CI] is due to the formation of pHe2™ and BrCh~
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Swain-Scott free energy relationsh#p:

Jia et al.

Scheme 2. Proposed Mechanism for the Base-Catalyzed
Reaction of HNCJ and NC§

log(ky/k;,) = SExy (17) B:F
*
a a a qa
B + HNCI; + NC|3—‘ B-H*NN--Cl| — N—N
We have selected the second-order rate constant of/tg-s* CI’ \Cl o “a
reaction k») as a reference and have arbitrarily assigned a value +
of unity for the sensitivity factors. The resulting electrophi- H=0%-Cl a a
" . ; . a
licities of halogens and interhalogens are listed in Table 3. N7 _7 -
s ; N N-N — N=N +HOCl+Q
Legor?® established a limiting gas-phase electrophilicity scale a Na a
for halogens and interhalogens based on the intermolecular
stretching force constant&,j determined from the rotational a
spectra of prereactive complexes -{&XY]. An empirical N=N —HOClI + N=N + CT
equationk, = cNEwas used for calculation, wheece= 0.25 N H-0-Cl

m~1, E (electrophilicity)= 10 for HF, andN (nucleophilicity)

is OH™, the third-order rate constant is®lll =2 s~1 for the rate

= 10 for H,0.26 Legon’s gas-phase electrophilicity scale of XY expressioff

is a measure of their capacity to interact with a nucleophile B

without atom transfer. However, for our reactions in aqueous — K.IBITHNCI.JINCI 18
solution, the halogen cation®Xtransfers to MHs" as Y~ and dt ke[BI[ 2l al (18)

" : ; .
H™ are released. Despite these differences in the nature of therne gecomposition of the proposed intermediates tetrachloro-

reactions, the gas-phase and aqueous-phase electrophilicities afQ g4 zine and dichlorodiazine are rapid and occur after the rate-
similar for Br, and BrClI but not for Gl. The arbitrary choice determining step, in which NN bond formation takes place.

of k2 as a reference arglas unity automatically gives &y A question that arises is why the HNNICl; reaction pair
value of zero for 4, but this is for comparison purposes only . rries the bulk of the Ngeneration process. Our present work

and does+ not mean that it has zero electrophilicity. The fact gq\ys that monochlorohydrazine (eq 14) reacts very rapidly to
that NeHs™ is a very weak nucleophile permits comparison of iy diazine, which in turn is rapidly oxidized to,NThus, the

the relative rates of the XY elfectrqphiles. A strong nuclgophile replacement of one H by Cl in hydrazine would be sufficient
such as MH4 wou_ld react at d|ffu3|on_-controlled rates with all rapidly generate N In water treatment processes, there are
the XY electrophiles except,lwhere its rate constant is 2:4 many other reactant pairs such asHNH,CIl, NHCI,/NHCI,
7 . . T N y i
10" times Iarge_r than with pHs™. Our electrophilicity _scale of NHy/NCls, NH,CI/NCls, etc. that might form N-N bonds, where
halogens and mterhalogens_ could _be used for prediction Of theyne resulting chlorohydrazine species would rapidly generate
rate constants in their reactions with other weak nucleophiles. N,. The fact that eq 18 is the preferred path indicates the
Halohydrazines and Breakpoint Chlorination. In water importance of generating a strong nucleophile (NTthat can
treatment plants throughout the world, a process known asreact with the electrophile (Ng)lto form an N-N bond and
breakpoint chlorinatiof is used to destroy chloramines and displace Ct. The present results also suggest that some of the
generate dinitrogen. The base-catalyzed reaction of dichloramineother reactant pairs could contribute to the breakpoint chlorina-
with trichloramine is a key pathway for this process, as shown tion process as conditions are altered.
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