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The structure, stability, and reactivity of [N§JiH* ions from protonation of gaseous trichloramine d®ith

CiHs™ (n=1, 2) and HO" ions were studied by mass spectrometric techniques, Fourier transform ion cyclotron
resonance (FT-ICR), and triple quadrupole (TQ) mass spectrometry and computational methods. Kinetic
experiments, performed to determine the basicity ofdN€llggested the existence of two [NEI populations.
Consistent with the higher basicity of the nitrogen atom in @ieoretical calculations characterize the
most stable isomer as the-HNCl;™ ion and suggest for the less stable one, the -H@GCI,* structure,
corresponding to the trichloramine protonated on the chlorine atom. The calculated gas-phase basicities (GB)
of NCl3, 679.9 and 692.6 kJ/mol at the B3LYP and CCSD(T) level of theory, respectively, are fully consistent
with the experimental value, 6878 8 kJ/mol. The proton affinity (PA) of NGlis 721.5+ 8 kJ/mol. The
chloronium ion affinities (Ct affinities) of the Cl atom of monochloramine and dichloramine were calculated
from the enthalpy of formationAH) of [HoNCICI*] and [HN(CI)CL'] ions. Whereas the affinity of the
nitrogen atom for the Hand the Ct ions and the affinity of the chlorine atom for the'@bn decrease on

going from NHCI to NCl;, the opposite trend is observed for the proton affinities of the chlorine atom.
Studies on the reactivity of [Ng]JH™ ions toward simple nucleophiles showed both a remarkable chlorinating
and protonating ability, in accordance with their Lewis and Brgnsted acid character.

Introduction Sometimes NGlis an undesirable byproduct of hydromet-
allurgical processespf brine electrolysis, and electrolysis of
NH4Cl and ammonium compounds solutidhs.

Nitrogen trichloride is also an important reagent in organic
synthesi and, at the present time, find many industrial
applications as a nitrogen source in the formation of nitride thin
films in the plasma-enhanced chemical vapor deposition pro-
cesses or as an etching gas, in the plasma etching processes of
electronic devices fabricatioA8.

Although NCk has been a subject of numerous experimental
and theoretical studies, owing to its unstable and explosive
nature it has never been extensively studied in the free state.
Only a few studies on the gas-phase ion chemistry of;X&ve
been reporteld and, to the best of our knowledge, the gas-phase

Other syntheses employ hypochlorite with ammonium chloride 22SICity (GB) has not previously been measured nor has the

and extraction by organic solvents or the gas-phase reaction Ofreactivi_ty of [NCEJH™ ions been investigat_ec_i.
chlorine with ammonia. In this work the GB and the proton affinity (PA) of N&I

The mechanisms of formation and the reactivity of N&e were estﬁmated and the reactivit.y of [NfH™ ions investigated
of fundamental interest in environmental protection because PY combining mass spectrometric (FTICR-MS and TQ-MS) and
trichloramine is formed during disinfecting potable and waste- theoretical techniques. Recently, we used the application of mass
water by reaction of chlorine or hypochlorite with ammoniacal SPectrometric and theoretical techniques to study the reactivity
solutions® Although it is easily lost from aqueous solutions @nd the basicity of mono- and dichloramitfeRroton affinities
being very volatile and scarcely soluble in water, small and ghloronlum ion afflnltles_ (cl afflnl_ty) of the_ nitrogen and
concentrations still give a distinctive and objectionable taste to Shorine atoms of mono-, di-, and trichloramitieas well as
drinking watef and occupational exposure assessment studiesstructural changes following protonation and chlorination, are

The reactions of chlorine, hypochlorite, or hypochlorous acid
with ammonia or ammonium compounds, in solution and in
the gas phase, are known to lead to the formation of inorganic
chloramines, NH-.Cl, (n = 0—3), whose compositions depend
on the relative amounts of the reactants and on the pH value of
the solutiont~* Among inorganic chloramines, nitrogen trichlo-
ride or trichloramine (NG) is the most unstable in the pure
form and it is highly explosive, a strong irritant, and a lacrimator.
However, in dilute acidic solutions it is moderately stable and
at very low concentration the explosion hazard is eliminated or
greatly reduced.

Nitrogen trichloride was first synthesized in 1811 by Duléng,
by the action of chlorine with a solution of an ammonium salt.

proved its toxicity’ discussed.
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°C and bp of+70°C). It is very volatile and is easily lost from  TABLE 1: CAD Spectra of [N3ClI3]H* lons from Reaction 1
aqueous solutions. Solutions of N®@Vere prepared by mixing ~ Taken at Different Collision Energies (Laboratory Frame)
NH4CI solution with a three time excess of HOCI at pH3 relative intensities

in unbuffered med_ium. NGlwas then directly aIIO\_/ved to fragment mz 5ev 10eV 20eV 50eV  100eV
expand, together with water vapor, into the external ion source
of the mass spectrometer.

N*ClL,H* 85 89.5 95.0 86.8 59.4 511

. . N35Cl,* 84 10.5 5.0 4.2 5.6 4.9
ICR experiments were performed using an Apex TM 47e FT- N35C||2—|+ 50 4.0 23.1 28.7
ICR spectrometer from Bruker Spectrospin AG equipped with  N3sC|+ 49 5.0 11.9 15.3

an external ion source where protonated trichloramine tMH

was generated by positive chemical ionization (Cl) using;CH H™ ions (z 120, 122, 124, 126) were obtained using CI/CH
as the reagent gas at a pressure of ca? Torr and temperature ~ conditions according to process 1. The inevitable presence of
of 150°C. The MH" ions were transferred into the resonance

cell (25°C) where [NSCl3]H* ions were isolated by broad band  NCl; + C,Hs" (H,0") — [NCI,]JH™ + CH, (H,0) 1)

and “single shot” ejection pulses. After thermalization by argon, n=1,2
introduced by a pulsed valve, and after a delay time of 1 s, the

ions were re-isolated by “single shots” and allowed to react with water in the gaseous mixture introduced in the Cl source leads
neutral reagents in the cell. The pressure of the neutral reactant$o the formation of HO* ions and therefore proton transfer to
ranging from 108 to 10°7 mbar was measured by a Bayard- trichloroamine does not occur exclusively from thg-HC ions,
Alpert ionization gauge, whose readings were calibrated using, characteristic of the CiHchemical ionization, but from D"

as a reference, the known rate coefficient of the;GHCH,4" ions as well.
— CHs" + CHg reaction'* The readings were corrected for Structural Characterization of [NCI g]H ™ lons. Three [NC}]-
the relative sensitivity to the various gases used according to aH* isomers of different connectivitied,, 1l, and Ill , are

standard methotP. The pseudo-first-order rate constants were conceivably formed from reaction 1, Whereas ibrmdll are
obtained by plotting the logarithm &fl—o ratio of [N3°CI3]H "

as a function of the reaction time. Then the bimolecular rate [H=NCI" [HCI-NCL]" [H—N(CICL]*
constants were determined from the number density of the | 1] 1]

neutral molecules, deduced in turn from the pressure of the gas.

Average dipole orientation (ADO) collision rate constakig,, the protomers of trichloroamine, the possible formation of
were calculated as described by Su and BoweReaction isomerlll , characterized by the €ICI connectivity, is postu-
efficiencies, RE, are the ratio ofapo, the collision rate  lated on the analogy with the ;NCI—CI* ions previously
constants, to the experimental rate constakgg, The uncer-  observed in the Cl/Cliplasma of dichloroamine.

tainty of each rate constant is estimated to be 30%. The Collisionally activated dissociation (CAD) mass spectrometry
collisionally activated dissociation (CAD) experiments were has been used to obtain structural information on the #Ci
performed using a triple quadrupole mass spectrometer modelpopulation arising from protonation of trichloroamine. The low-
Quattro TQ from VG Micromass Ltd. The MHons generated ~ energy CAD spectra of the fRCIgJH* ions (wz 120) from

in the CI source were driven into the collision cell, actually a reaction 1, recorded at nominal collision energy ef1®0 eV
RF-only hexapole, containing the neutral reagent. CAD spectra (laboratory frame) are reported in Table 1. The spectra are
were recorded utilizing Ar as the target gas at such a pressuredominated by the fragment a¥z 85, corresponding to the loss

to reduce the main beam intensity to 80% of its initial value. of a Cl atom. This fragmentation is not particularly informative
The charged products were analyzed with the third quadrupo|e,because it may be attributable to any of the postulated isomers.

scanned at a frequency of 150 amu.s By contrast, the minor fragmentation channel leading to the ion
at m/z 84 through the loss of a HCI molecule, speaks in favor
Computational Details of the isomer characterized by the connectillityin the absence

of model ions of known connectivity, the CAD results do not

. Dergnty functional theory, using the hyb’rToBSLYP func- allow a definitive conclusion as to the connectivity of the [BCI
tional'® were used to localize the stationary points of the H* i

; : L . ions.
investigated systems and to evaluate the vibrational frequencies.

Sinal int lculati t th timized i Experimental Evaluation of GB of NCls. As in the case of
ingle point eneérgy calcuiations at the oplimized geometries ., ,,,_4nq dichloramine, the only reliable method for estimating
were performed using the coupled-cluster single and double

oo . . ) . the gas-phase basicity of nitrogen trichloride is the thermokinetic
excitation methotf with a perturbational estimate of the triple gasp v 9

excitations [CCSD(T)] approact Zero point energy corrections method. In fact, the evaluation of gas-phase basicity by

equilibrium method® presupposes the knowledge of the
evalugted at the B3LYP Ieyel were adde_d to t_he CCsD(T) pressure of both neutral reagents involved. In our experiments,
energies. Th 0 K total energies of the species of interest were

) ) ; the presence of water and eventually of other chloramines
corrected to 298 K by adding translational, rotational, and b Y

S - ! distilling from the agqueous solution together with N@tecludes
\élbrat_lonaltco(r;tnguttlotr_lst._ The aﬁsol_u'i_e entrop(;es W?re calcu:a:jed the knowledge of its partial pressure. Besides, the kinetic method

y using standard statisicamechanistic procedures from scalé proposed by Cooks et &.based on the dissociation of proton
harmonic frequencies and moments of inertia relative to B3LYP/

o ; bound dimers is not achievable owing to the lack of proton
6-311++G(3df,3pd) optimized geometries. The 6-31tG- :
(3df.3pd) basis s& has been used. All calculations were bound dimers between Ngland the reference bases. The

i ; thermokinetic methdd allows us to reduce the uncertainty range
performed using Gaussian 98. of the GB values estimated by the “bracketing meti#®ddh
the bases of the empirical relationship between the measured
efficiencies and the standard free energy of proton transfer from
Formation of [NCI3]H* lons. The NCk vapors distilling the investigated molecule (M) to reference bases (B). To
from an aqueous solution were directly injected into the source evaluate the GB of trichloramine, fRCI5]H™ ions, generated
of the mass-spectrometer through a capillary column. Theg]NCI  in the external Cl ion source, were isolated, thermalized, re-

Results
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t(s) initial intensities of two isomeric populations and the relative
e N v N » in ? * deprotonation rate constants were extracted from this plot.
° It is well-known that the total intensiti(t) of a mixture of
o054 O two protonated species (M™) (i = 1, 2) undergoing deproto-
o L nation by a reference base, B, at reaction timis given by
Sl °
£ — +y kit
0,15 4 ° ° ° I(t) - ZIo(MiH )e ¥
[ ]
021 ° wherek; = ky[B] corresponds to the pseudo-first-order rate
constant of the deprotonation reaction of isomby the base
0,25

B, ki is the corresponding bimolecular rate constant, kpd
Figure 1. Time profile of the ionic intensities in the reaction of [NEI (MiH") is the initial concentration of isomér8

+ i = 8
H' (@) with CFRCH,OH (P = 7.1 x 10°° Tor). When CRCH,OH (GB = 669.9 kJ/mol) is used as the

. - . reference base, the deprotonation efficiency of the less stable
isolated by soft ejection pulses, and allowed to react with bases[NC|3]H+ isomer, MH™, results in RE= kexgkapo = 38%

of different strength in the resonance cell using only bases with , o aas the deprotonation of the more stable iahMoccurs
lone electron pairs as the basic center. very slowly (RE=0.4%).
All the GB values used to establish the correlation between Increasing the basicity of the reference bases causes the

RE and GB are taken from ref 27, to make use of a yigappearance of the less basigH¥ ion, in accordance with

self-consistent scale based on a single anchoring value. its fast deprotonation accomplished in the ICR cell before
AS ex_pected, the efﬁmency IS c_:Iose _to zero for strongly starting the kinetic measurements, and makes it possible to

endoergic proton-transfer reactions involving bases such s CF .-« re the deprotonating efficiency ofif¥ from a linear

CH(OH)CFR; (GB = 656.2 kJ/mol), HO (GB = 660.0 kJ/mol), semilogarithmic plot.

and GHsCl (GB = 666.9 kJ/mol), whereas the efficiency is  1pe egquits of the best fitting procedure, engaged to probe

high, or equal to the unity, for exoergic processes with bases o axistence of a mixture of two different FCIJH " ions,

such as CECOCH; (GB = 692.0 kJ/mol), FCHCH,OH (GB are reported in Table 2.

= 697.0 kJ/mol), CECOOCH; (GB = 709.6 kJ/mol), CICk Then, to deduce GB(M and GB(M), according to the

CN (GB = 715.0 kJ/mol), and C4OH (GB = 724.5 kJ/mol). thermokinetic method® the deprotonation efficiencies of both

In the range of basicity spanning from 667 to 681 kJ/mol, isomers obtained by deconvolution of bimodal kinetics, are fitted
the semilogarithmic plot of the [NCI3]H™ ionic intensities as by the parametric function

a function of time shows the nonlinear profile displayed, for a
typical case, in Figure 1. This feature appears to indicate a RE = a/{1 + exppb(AG° + 0)]} =
mlxtu.re of two dlfferent ionic pppulatlons, whose deprotonation al{1+ exppb(c’ — GB(B))]}
reactions have different kinetic rate constants. To rule out the
possibility of an artifact caused by an inefficient thermalization with GB as a second variable, whexés the normalizing factor,
of the [NECI3]H ions, many experiments have been performed. ranging from 0.8 to 1.0b = 1/RT* (T* is the effective
No changes in the ionic intensities profile were observed when temperature that can be different from the experimental tem-
methane, instead of argon, is used as the thermalization gas operature owing to a nonequilibrium distribution of the internal
if particular attention was devoted to the isolation conditions energy of the [MHB] intermediate)c”" = GB(M) + ¢, andc
(attenuation of shots, sweep, etc.). = AG°, The last term was found to be of the same order of
Increasing the basicity of the reference bases, the semiloga-magnitude as the terlRT* = 1/b. Thus, assuming that is
rithmic plot of the [N¥>Cl3]H ™ ionic intensities as a function of ~ precisely equal t&R T, one obtains GB(M)= ¢’ — 1/b.
time correctly becomes linear. Similar behavior was previously  According to this method, the reaction efficiencies of the
observeéPin the experiments performed to measure the basicity proton-transfer processes fromyMt™ and from MH™ to bases
of dichloroamine (NHGJ) and it was attributed to the presence of known GB have been fitted in the equation as illustrated in
of two isomeric [NHC}H™ ions. Figure 2.
Investigating the possibility that the plot of the total intensity From the best fit of the data concerning the deprotonation of
I(t) of [N3CI3]H " ions vs reaction time was the result of bimodal M;H™ we obtaina = 0.991,b = 0.353,¢" = 690.1,T* = 68
kinetics, a curve fitting program was used and the individual °C, and aM; gas-phase basicity value of 68738 kJ mol™,

TABLE 2: Gas-Phase Basicities of Reference Bases, Collisional Efficiencies, and Experimental Rate Constants of
Proton-Transfer Reactions of Both Mi\H™ and M,H* Isomers, Calculated by the Best Fitting Procedure

MoH* MqH*
B PA2 (kd/mol) GB (kd/mol) eff % Kexp(107° cm? s~ mol?) eff % Kexp(107° cm? s~ mol 1)

CoHa 680.5 651.5 ~QP ~0
CRCH(OH)CR; 686.6 656.2 ~0 ~0

2 691.0 660.0 ~0 ~0
CoHsCl 693.4 666. 9 ~0 ~0
CR;CHOH 700.2 669.9 38 0.54 0.1 0.4 0.006t 0.02
(CRCHy):0 702.3 674.9 88 0.870.12 3.8 0.038t 0.07
CRCOOH 711.7 680.7 75 0.7#0.1 2.8 0.029t 0.01
CRCOCH; 723.9 692.0 (200) 1.5y 83 1.3+ 0.1
CCKLCN 723.2 692.6 (100) (1.8) 72 1.3+ 0.2
CRCOOCH; 740.5 709.6 (200) (1.5¢ 97 14+0.1
CICH,CN 745.7 715.1 (100) (1.7 93 1.6+ 0.1

aFrom ref 27; ® The efficiency is referred to the proton-transfer reaction; chlorination is not considededuced value? kapo value
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Figure 2. Reaction efficiencies (RE) of proton transfer from [NEI*

to reference bases (B) vs gas-phase basicities, GB(B). Open circles

refer to the deprotonation of M*(Il), dark circles refer to the
deprotonation of MH*(l), and grey circles are deduced from experi-
ments showing a linear decrement of semilogarithmic plot of ionic
intensities as a function of the time.

TABLE 3: Optimized Geometries and Energies of NC},
HNCI3* (1), HCINCI ,* (II), and HN(CI)CI 2t (Ill) in Their
Singlet Ground State$

NCls [ Il Ml

W) 1A, p p
r(NCl)  1.772 1.753 1.634 1.635

2.715 1.688

r(NH) 1.026 1.023
r(CIH) 1.289
r(CICl) 2.079
O(CINH) 106.3 113.0
O(CINCl) 118.1 112.5 115.2 120.1
O(NCIH) 92.1
o(NcIcCl) 117.3
Esaye  —1435.336894 —1435.620355 —1.435.602255 —1435.599762
ZPEP 0.006043 0.019905 0.013034 0.018368
Eccsom ~ —1433.719707 —1434.007980 —1433.977759 —1433.974459

2Bonds lengths in angstroms, angles in degrees, total energies |nr(?|(|3|)
g(c

hartree? Zero point energy.

whereas for the deprotonation of theNI™ isomer, the gas-
phase basicity value is about 670.0 kJ mol

However, considering only those experiments where the
semilogaritmic decrement of fRCIJH™ ionic intensities is
linear, the basicity of trichloramine is intermediate between that
of C;HsCl (GB = 666.9 kJ mott) and CRCOCH; (GB = 692.0
kJ mol1). By taking into account the large error characteristic
of the bracketing method, the GB of trichloroamine can be
estimated to be 6794 20 kJ mof™. In this case the uncertainty
range is very broad owing to the large difference of basicity of
the bases defining the interval. On the contrary, if reaction
efficiencies of MH™ ions deprotonation are fitted, according

Pepi et al.
1.026 A
1 y 17534 10637
or 118.1° Cl/ 1 12.5\
Cl Cl
Cl Cl
1
0,0 (0,0)

-707,8 (-720,4)

s 7 Q

I
-678,2 (-660,7)

-657,8 (-636,5)

Figure 3. Optimized geometries of the investigated species in their
ground states (bond lengths in angstroms, angles in degrees). Total
energies (kJ/mol), with inclusion of zero point energy, computed at
the B3LYP (CCSD(T)) level are shown. The energies are relative to
the total energy, corrected by the zero point energy, of NCI3:
—1435.330851 hartrees at the B3LYP level art#33.713664 hartrees

at the CCSD(T) level.

TABLE 4: Optimized Geometries and Energies of NC}
(IV), HNCI 57(V), CIoNCIH T (VI), and HN(CICI 2F(VI1), in
Their Triplet Excited States?

Y v Vi Vi
3A" NG 3p’ 3"
r(NCl)  1.696 1.634 1.620 1.636
1.712 1.654 2.501
r(NH) 1.022 1.048
r(CIH) 1.292 2.134
2.813 2.892
NH) 1175 118.3
118.2 118.3
O(CINCl) 110.7 124.4 126.5 123.3
116.7 118.3
O(NCIH) 97.3
O(NCICl) 101.8 178.2
save  —1435.294055 —1435.583606 —1435.589708 —1435.587431
ZPE 0.004232 0.016756 0.012705 0.016573
Eccsom ~ —1433.665157 —1433.957764 —1433.955860 —1433.964059

aBonds lengths in angstroms, angles in degrees, total energies in
hartree ? Zero point energy.

interconversion is computed to be 137.7 kJ/mol at the B3LYP
and 157.2 kJ/mol at the CCSD(T) levels of theory.

On the [NCE]H™* potential energy surface we found also the
low lying isomer (Il ) characterized by a €ICl bond. This

to the thermokinetic method, the uncertainty range is reduced species has a pyramidal structure wthsymmetry and is less
to 8 kJ mot?, a value that depends on the errors of the tabulated stable than 1) by 84.0 kJ/mol at the CCSD(T) level with
GBs, on the absolute pressure measurements of the reactantsclusion of zero point energy. The barrier for thg € (11l )

in the cell, on the uncertainties of reaction efficiencies, etc.
Computational Evaluation of GB and PA of NCls. The
optimized geometries and the energies of N&id its protonated

interconversion is computed to be 197.9 and 171.5 kJ/mol at
the B3LYP and CCSD(T) levels of theory.
The optimized geometries and the energies of NI its

species are reported in Table 3. Both the protonation on the protonated species in their triplet excited state are reported in

nitrogen and chlorine atoms were investigated. The structuresTable 4. Both the protonation on the nitrogen and chlorine atoms

of the investigated species, together with the optimized geo- have been investigated. The structure of the investigated species,

metrical parameters, are reported in Figure 3. together with the optimized geometrical parameters, are shown
NCl; has a pyramidal structure witlz, symmetry. The in Figure 4.

protonation of the nitrogen atom leads to tBg structure (), NCl; in its triplet excited state is very unstable, being more

whereas the protonation of the chlorine atom leads toGhe than 100 kJ/ mol higher in energy with respect to the singlet

structure (1) less stable tharl by 61.3 kJ/ mol at the CCSD-  ground state. It can be described as a NGipecies slightly

(T) level with inclusion of zero point energy. The two isomers interacting with a chlorine atom whereas its protonated species

are trapped in a deep potential well because the barrier for theircan be described as a NClinteracting with a HCI molecule.
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TABLE 5: Calculated Proton Affinity (kJ/mol) at 0 and 298 K and Gas-Phase Basicities (kJ/mol) at 298 K of N

PAy PAggs GBoos
B3LYP CCSD(T) B3LYP CCSD(T) B3LYP CCSD(T)
| — NCls (*A;) + HT 707.8 720.4 714.1 726.8 679.9 692.6
I —NCl3 (*A;) + HT 678.2 660.7 680.0 660.8 660.3 641.1
Il — NCl3 (*Ay) +H* 657.8 636.5 662.7 641.4 634.6 613.3
V — NCl3 (*A;) + H 619.6 596.9 622.1 599.4 604.1 581.4
VI — NCl3 (*A)) + HT 646.2 602.5 647.5 603.7 631.9 588.1
VIl —NCl; (*Ay) + HY 630.1 613.9 633.4 617.1 615.6 599.4
V — NCl3 CA") + H*t 727.4 735.5 733.2 741.3 697.9 706.0
VI — NCI3 CA") + H* 754.0 741.2 758.5 745.6 725.6 712.8
VIl — NCl3 CA") + H* 737.9 752.5 744.4 759.0 709.4 724.0
100
2508 -l T}.UHA 90 1
117.5° 0 1
Cl%nz,& 1'63%2\]'654‘& 70 -
110.6° Cl a 1%
1782° ™ 28924
cl 1.696A 50 1
v v al 40 4
30
Cl
A 1.620A 9730 1636A 27
\ 25918 o 1048A ZIMA 10 1
126.5° of 1292A 1233 H-- Cl

/ﬁwv ~~~~~~~~ / 183°  180.0° o¥ v " M M
Cl

[ 5 10 15
Cl t(s)
VI VII . . . Lo L .
Figure 5. Time profile of the ionic intensities in the reaction of

Figure 4. Optimized geometries of the investigated species in their [N¥CIgJH* ions, mz = 120 @), with benzene, yielding E25Cl+
excited states (bond lengths in angstroms, angles in degrees). Mz = 113 (), CH:*, Mz = 79 @), and GHe, Mz = 78 (#).

Table 5 shows the proton affinities on the nitrogen and erations and from the theoretical results, it is reasonable to assign
chlorine atoms at 0 and 298 K and the gas-phase basicities ato the most stable [NGH* ions, the HNC§" structurel,
298 K of NCk. For comparison both the B3LYP and the CCSD-  consistent with the computed higher basicity of the nitrogen
(T) results are reported. The preferred proton site attack is theatom. The experimental gas-phase basicity of N687.3 kJ/
nitrogen atom at any level of calculation. The proton affinity mol, reasonably agrees with the calculated value differing by
of NCl; was recently estimated by Milburn et#lat the MP2- 7.4 and 5.3 kJ/mol at the B3LYP and CCSD(T) level,
(full)/6-311++G(d,p) level obtaining a value of 734.7 kd/mol.  respectively.
This value, as expected for an MP2 treatment, is slightly higher  The structural characterization of the less stable FNC!
than our value of 726.8 kJ/mol at CCSD(T) level of theory.  isomer, the MH* population, is more difficult. The structurally
~ The higher proton affinity of NGlin its triplet excited state  diagnostic fragmentation observed in the CAD mass spectrum
is obviously due to the low stability of this species. suggests the existence of an ionic population characterized by

Reactivity of [NCIs]H™ lons. The [NCE]H™ ions behave as  connectivityll . In fact, the minor fragmentation channel into
a Brgnsted acid and/or as a chlorinating agent, undergoing twojons atm/z = 84, N®Cl,*, observed at low collision energy,
competing processes, the nucleophilic displacement ofa Cl |ikely corresponds to the easy loss of an HCI molecule fibm
atom (2) and proton tranfer (3) Proton transfer is the only (AH° = 48.3 and 28.2 kJ/mol at the B3LYP or CCSD(T) level)

rather than from the highly endothermic consecutive loss of a
NuCl' + NHChL @ Cl and H atom froml (AH° = 528 kJ/mol).
[NCLIH* + Nu To this end, first, the chloro-protonated HQMICI,™ ion, Il ,

whose existence was suggested by CAD experiments, was
investigated by computational methods. The gas-phase basicity

of the chlorine atom of NGlwas computed to be 660.3 and

reaction channel observed with n-type reference bases used i541 1 k3/mol at the B3LYP and at the CCSD(T) level
the GB evaluation. By contrast a 2-fold reactivity was observed resp;ectively. '

in the case of ar-system such as benzene (Figure 5). When o giapility difference betweenandll was calculated to

[NCIg]H™ ions are allowed to react with ethylene, in accordance be 34.1 kd/mol at B3LYP and 66.0 kd/mol at the CCSD(T) level
with its lower PA, only Cf transfer was observed. These results at 298 K. '

are not structurally informative because this particular reactivity — 1o stability of species having a different connectivity such

could be attributable to any of the isomerdl, andlil . as the HN(CI»-Cl,* ions, Ill , and the stability of triplet states
of NCl3, IV, and of its protonated form&/—VIl , have been
also theoretically investigated.

It is legitimate to suggest the existence of two isomeric ~ The HN(CICI," ion, Ill , was computed to be less stable
populations of [N°Cl3]JH " ions, having slightly different stabil-  than| by 85.4 kJ/mol at the CCSD(T) level and by 51.4 kJ/
ity, based on the anomalous trend of the semilogarithmic mol at the B3LYP level at 298 K.
decrement of the [RCI3]H T ionic intensity as a function of NClszin its triplet state is very unstable, being more than 100
the time, observed in the bracketing experiments, that may kJ/mol higher in energy with respect to the singlet state. The
reflect a bimodal exponential function. Based on these consid- results listed in Table 5 show that also the triplet states of all

NuH* + NChL 3)

Discussion
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its protonated species are less stable than the correspondingABLE 6: Proton Affinity and Chloronium Affinity on the

singlet states. The gas-phase basicities of;N@;) calculated

from triplet species protonated both on the nitrogen and on the

chlorine atom (604.1 and 631.9 kJ/mol at B3LYP level,
respectively) and from HNGHCI(3A) (615.6 kJ/mol at B3LYP
level) are far lower than the value experimentally measured for
the MpH™ population.

In contrast, the gas-phase basicities of NE€A"") calculated
for triplet species protonated on both the nitrogen and the
chlorine atom and for HN(CHCIl,™(3A), (697.9, 725.6, and
709.4 kJ/mol at B3LYP level, respectively) are higher than the
value obtained from bracketing experiments.

On the basis of thermodinamic considerations, at least in
principle, both protomerg and Il can be formed in the ion
source by reaction 1. In fact, formation of iohg& exothermic
by 180.7, 43.76, and 33.0 kJ/mol when protonation is ac-
complished by CH, C;Hs*, and HO™ ions, respectively.

Depending on the relative amounts of N@hd water in the
Cl plasma and on the total pressure of the ion source, lipns
formed by CH™ ions, are sufficiently excited to isomerize into

Nitrogen Atom, PA(N) and CI* Affinity (N), Proton Affinity
and Chloronium Affinity on the Chlorine Atom, PA(CI) and
CI* Affinity (Cl) of Ammonia, Monochloramine,
Dichloramine, and Trichloramine (All Values in kJ/mol)

NHs NH,CI NHCI, NCl;

PA(N) 853.6 797.0 (exp) 756.9 (exp) 721.5(exp)
792.9 (B3LYP) 748.5°(B3LYP) 714.F (B3LYP)
800.£CCSD(T) 758.6CCSD(T) 726.8CCSD(T)
797.9 755.2 7347

635.2 (B3LYP) 626.8 (B3LYP) 689.% (exp)
638.2CCSD(T) 613.0CCSD(T) 680.07(B3LYP)
627.2 601.7 660.8 CCSD(T)
523.0 490.3

446.8 (B3LYP) 429.3(B3LYP)

430.9 CCSD(T) 407.9CCSD(T)

PA(CI)

Cltaffinity (N) 546.C
CI* affinity (Cl)

aReference 27° Reference 12& Reference 12i# Reference 29.
¢ This work.

In conclusion, although theoretical results found as a true
minimum on the potential energy surface of [NJEl* ions the
structure corresponding to the isomkr, no experimental

137.7 and 157.2 kJ/mol at the B3LYP level and at the CCSD-
(T) level of theory, respectively. However, the high pressure

experimental results identify as the most stable isomer, the
M1H™ population, the HNGI" ion | and suggest the presence

regimes of our Cl experiments and the inevitable presence of Of @ less stable isomer, theM* population, which could

water greatly reduce the amounts of £Hons.
The formation of iondl from reaction 1 is slightly endot-
hermic or thermoneutral when thest and HO™ are the

correspond to the ioH having the HCINCI' structure.
Proton and Chloronium lon Affinities Trend among
Gaseous Inorganic ChloraminesTable 6 reports the proton

protonating agents whereas it is exothermic by 138.9 and 117.12ffinity of the nitrogen and of the chlorine atom, PA(N) and

kJ/mol at the B3LYP and CCSD(T) level from GHions.
Considering that the dissociation

Il — HCI + NCl," (4)

is endothermic by 48.3 and 28.2 kJ/mol at the B3LYP and
CCSD(T) level, respectively, the HENCI," ions formed by
C,Hst and HO™ ions are stable to the decomposition into HCI
and NCh™.

It is worth noting that the 3:1 ratio of chlorine on nitrogen
atoms in NC4 should favor from a statistical point of view the
chloro-protonated isomer. However, iolhs once formed, can
undergo intermolecular isomerizationltdfollowing collisions
with trichloramine or water, the latter one acting as a carrier of
proton fromll to | owing to its intermediate PA value. This
reaction can be the cause of the small amourit afetectable.

At least, HN(CI)Ch™ ions Il could be formed in the ionic
source by Ct transfer froml to NHCI, (5), from disproportion
of protonated dichloramine (6), or from isomerizationl dfr):

HNCI," -+ NHCL,— Il + NHCI, (5)
H,NCI," + NHCI, — lll + NH,CI (6)
I — 1l @

PA(CI), and the chloronium ion affinities of the nitrogen and
of the chlorine atom, Cl affinity (N) and CI" affinity (Cl), of
NH2C|, NHClz, and NC&.

Following substitution of the hydrogen atoms of ammonia
by one, two, and three chlorine atoms, the proton affinity
decreases by 56.6, 40.1, and 35.4 kJ/moal, respectively, indicating
that theo electron withdrawal effect of chlorine reduces the
basicity of the nitrogen of the chloramines.

Unlike PA(N), proton affinities at the chlorine atom increase
in the order

PA(CI) NHCI, < NH,CI < NCl,4
However, in NC4, which has the lower PA(N) and the higher
PA(CI), the basicity of the nitrogen atom exceeds that of the
chlorine atom by more than 35 kJ/mol.

Structural changes following Clprotonation can be briefly

summarized:
N +
[ x* l\CI/H ]
Y

the HCHN distance increases both in the chloro-protonated
dichloramine and in trichloramine by 0.391 and 0.943 A,
respectively, becoming in the latter case equal to 2.715 A. The
energy of this bond is 344 kJ/mol in the case of HCENGit

N
I Ng —
Y

The absence of ions indicative of the presence of dichloramine decreases to about 260.4 kJ/mol on going fromGiHo NHCl,
in the CI plasma ruled out the role of processes 5 and 6 asand to about 45 kJ/mol from NH&to NCls.

possible routes leading to the formation of ioHk. It is
interesting to note that in the gas-phase investigation of [NHCI
H* ions, the disproportion of protonated monochloramine
distilling in the source with dichloramine was found to be the
pathway responsible for the formation obM{CI)—CI™ ions.
Moreover, the occurrence of the isomerization (7) could be

Increasing chloro substitution leads Cl-protonated chloramines
to become unstable to the loss of a HCI moiety. A possible
explanation can involve the reduced ability of the nitrogen atom
to satisfy the electronic charge requirement of the chlorine atom
undergoing protonation. In fact, following protonation of NH
Cl, the HCFHN bond becomes shorter, suggesting the partial

excluded considering that its calculated energy barrier is 197.9 delocalization of the positive charge on the nitrogen atom, as

and 171.5 kJ/mol at the B3LYP and CCSD(T) level.

shown in the resonance structure:
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H H + .
N NN=Cru
v

n’

v+
NTCI'H «>

When hydrogen atoms are replaced by chlorine atom(s), the

stabilization of the positive charge of chlorine undergoing
protonation is prevented by the electron withdrawal effect of
these substituents. Furthermore, the H®I bond length
increases owing to the delocalization of the incipient positive
charge of the nitrogen atom on the chlorine atom(s). In fact,
increasing the HCHN bond, the conjugation of the empty p
orbital of nitrogen with the d orbitals of chlorine, can take place.
The N=X and/or N=Y (X, Y = CI) bond lengths both in
protonated NHGland in NC§, decrease, suggesting their partial
double bond character. In conclusion, the HBICI;* and
HCI-NHCI" ions are more stable than the HOIH, " ions,
owing to the conjugation effect of Cl atom(s) responding to a
charge requirement not present in the neutral molecule.

In short, the higher PA(CI) of trichloramine reflects the
different ability of the substituents to stabilize neutral and

J. Phys. Chem. A, Vol. 107, No. 12, 2003091

making NHC} a weaker Brgnsted acid than NE depress the
nucleophilicity of the chlorine atoms of N&I

Conclusions

The existence of isomeric populations corresponding to the
same mass-to-charge ratio and resulting indistinguishable by
mass spectrometric analysis is not an uncommon event. In some
cases, the gas-phase “titration” procedure combined with the
thermokinetic method allows an estimate of the stability of both
ionic component$2p

Kinetic experiments, performed to determine the basicity of
NCls, suggests the existence of two [NJEI™ populations.
Theoretical calculations characterize the most stable isomer as
the HNCE" ions and suggest for the less stable one the
HCINCI,* structure. No experimental evidence on the HN(CI)-
Cly* ions, corresponding to a true minimum on the potential
energy surface of [NGJH* ions, was found. The theoretical
GB of NCls is fully consistent with the experimental value. From
the difference between the theoreti¢e® and PA we obtain

protonated species, structurally different due to the changesTAS= 34.2 kJ/mol. Adding this value to the experimental GB

caused by protonation.

In Table 6 are also reported the gas-phase affinities of the
nitrogen and of the chlorine atom of N&I, NHCI,, and NC}
toward the CI ion. As previously reported for pyridiné8an
excellent correlation exists betweenGiffinities and proton

of NCl; we obtain a PA of NGl of 721.5 kJ/mol. From the
AH {H,NCICIT)120 and theAH (HN(CI)Cl;™) reported in this
work, the Cf affinities of the Cl atom of monochloramine and
dichloramine were calculated.

Whereas proton affinities of the nitrogen atom and" Cl

affinities of unhindered molecules, suggesting that the same affinities of the chlorine atom decrease on passing from®IH

factors affecting the stability of protonated adducts influence
the stability of the chlorinated adducts. "Caffinities (N) of
NH,Cl and NHC} follow the same trend of PA(N). The electron
withdrawal effect of chlorine reduces the nucleophilicity of
nitrogen.

From AHH,NCICI*) and fromAH {HNCI,CI") we calcu-
lated the Ct affinities of the chlorine atom of NKCI and
NHCI,3132 corresponding to the enthalpy changes for the
reactions

CI™ + NH,Cl— H,NCI-CI*
CI" + NHCI,— HN(CI)Cl,"

It is interesting to note that the Claffinities of the chlorine
atom decrease on going from NEl to NHCI, (Table 6).
Structural modifications following chlorination on the ClI
atoms can be briefly described.
J +

N
[ X1y
Y]
Cl
The CHCIN bond length is computed to be 2.062 A in the
H,NCI—CI* ion and 2.079 A in HN(C)GI*, by contrast, the
CICI—N bonds become shorter by 0.159 and 0.137 A, respec-
tively.
The positive charge on the chlorine atom undergoing chlo-
rination is partially delocalized on the nitrogen, but the CiCl

N
X1 —
Y

to NCl;, the opposite trend is observed for the proton affinities
of the chlorine atom.
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