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Ab initio and density functional theory calculations are reported for the chlorofluoroamines HNXY #£X/Y

F/CI) and all possible unimolecular reaction products from their ground state. Reliable enthalpies of formation
for these molecules and reaction products have been calculated using the G2 model. The large discrepancy
between theory and experiment over thid® ((NCl) has been resolved by reevaluating the old experimental
data. Optimized structures of all the species have been obtained at various levels up to MP2/65311

and B3LYP/6-31%+G**. The triplet—singlet energy gaps have been estimated for NH, NF and NCI at
various levels. Enthalpies of various reactions have been calculated at advanced levels including PMP4, CBS-
Q, G1, G2, and G2-MP2. Transition states (TS) for the three-centered HX elimination reactions have been
characterized. Vibrational frequencies for all the reactants, products, and transition states have been calculated
using HF, MP2 and DFT methods with 6-3t3+G** basis set. Threshold energies for the bond dissociation
reactions and the HX (X F/CI) elimination reactions have been calculated. RRKM calculations have been
carried out with these results to determine the branching ratio for the various possible reactions. The barrier
for HCI elimination from HNFCI is 18 kcal mot higher than that of HF elimination. Still, according to DFT
results, it is found that the HCI elimination is an important channel because of entropy factors, possibly
explaining the experimental observations. However, the MP2 and G2 results predict the HF elimination to be
more important for HNFCI. Moreover, the-NCl bond energies in HNFCI and HNECare less than the HCI
elimination barriers. Hence, the as yet unsuspecte@Noond dissociation may be a dominant decomposition
pathway for HNFCI and HNGI

I. Introduction could be qualitatively understood by assuming that HNsK
eformed in the singlet state by addition followed by three-center

Halogen amines are an interesting class of compounds whose ™. .=~ .
J d P elimination of HX to give NX(alA). The NX(X 2=~) ground

chemicalt~> thermolytic® and photolytié8 reactions have been e ) " )
extensively studied. These compounds are, in general, veryState is spin forbidden, and the NX{B") state is less favored

reactive and produce electronically excited species via both du€ to higher energy. For these reactions the exit channel
chemical and photolytic processeShese excited species, thermochemlstry is reasonablylestabllshed. However, the en-
particularly the excited state singlet nitrenes, can be successfully€rgetics of reagents and transition states are largely unknown.
employed as a lasing mediutriThese are among the few Because of the difficulty in preparation and their unstable nature,

reactions in which dynamical constraints, such as conservation€xperimental data are hard to obtain. A comprehensive theoreti-
of Spin angular momentum, dictate the formation of electroni- cal Study on the unimolecular reactions of these haloamines has

cally excited species. not been attempted, to the best of our knowledge. Except for a
Reaction of hydrogen atom with halogen aminyl radfc&i¥? recent report on the HF elimination from HNF we are not
and quenching of NH(a) by halogens and interhalofEerigare aware of any theoretical work on the HX elimination from
all believed to go through chemically activated halogen amines, haloamines. Milburn et al. have reported theoretical enthalpies
HNXY (X/Y = FICI), in their singlet ground state. of formation for chloroamines (NKCl,).16 Mack et al. have

reported ab initio studies on the structural aspects of fluoro-
H + NX, (OR) NH(a)+ X,— HNX,* — HX + NX(a IA) amines (NHF,).1” On the other hand, studies on the analogous
(1) halomethanes are aplenty. Mulholland and Richards have
e reported a comprehensive semiempirical and ab initio study on
— HX + NX(X °Z7) (1b) HF elimination from various fluoromethangs.Oref and
Rabinovitch have reported model calculations on the decom-
— HX + NX(b 12+) position of chlorofluoromethané8. Several reports on the
(1c) thermochemistry and bond energies of halomethanes have
appeared over the yead&24

The case of the chlorofluoroamine (HNFCI) is more interest-
ing. The H + NFCI experimental resuf$ could not be
explained on the basis of an additieelimination mechanism.

* Author for communications. Email: arunan@ipc.iisc.ermet.in. The following reactions were considered (estimated enthalpy
T Present address: National Chemical Laboratory, Pune, India 411008. of reactions given in parenthesés):
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For example, H+ NF; reaction has a branching ratio of 0.91
for NF(alA) channél®and the H+ NCI, reaction gives NCI-
(a)/NClI(b) ratio of about 1000Both these experimental results
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H -+ NFCI— HNFCP* — NCl(a) + HF (—43)
— NF(a)+ HCI (—14)

(22)

(2b)

If HNFCI intermediate is formed, the NCl(a) HF channel
should be the dominant one assuming that the HF/HCI elimina-

tion barriers follow the same order as the enthalpies of reactions
and the preexponential factors are comparable. There are no
experimental or theoretical estimates on these barriers or the
nature of the transition states yet to verify these assumptions.

However, the NF(a) HCI channel was reported to be favored
by factors of 3 and 18 compared to the NCl(a)- HF channel.

It was speculated that the direct Cl abstraction may take place

in the singlet surfac&However, the NH(a)~ CIF reaction was
also reportetf to favor the NF(at- HCI channel by a factor
of 18 compared to the NCl(a)y HF channel. This reaction was
thought to proceed by insertion as well and so the dominance
of HCI elimination required a different explanation. In the case
of analogous CFHCI (and other chlorofluoromethane®)the
HCI elimination is, in fact, favored by the thermochemistry
unlike for HNFCI.

In this work, a systematic theoretical study of HX £XF/CI)
elimination from HNF, HNFCI, and HNC} has been carried

out. Calculations have been carried out on all reactants, products

(HNX, NXY, NX, and HX) and transition states for HX
elimination. Enthalpies of formation for all the reactants,

intermediates, products, and transition states have been calcu-
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lated at the G2 level. All the bond energies have been computedFigure 1. Structures of HNXY, HNX, NXY, NX and HY (X,Y=

for these haloamines in order to ascertain the importance of
various unimolecular reactions. RRKM calculations have been
carried out to determine the rates for the various channels.

Comparison with the halomethanes brings out some important

differences in bond energies and activation barriers for HX
elimination between the haloamines and halomethanes. Throug
out the paper, HF is used to denote both hydrogen fluoride and
Hartree-Fock calculations. However, what is meant should be
obvious from the context.

Il. Computational Details

All Calculations have been performed with the GAUSSIAN-
94 program suit@® Geometry optimizations have been carried
out with the standard 6-31G** and 6-3t#G** basis sets
internally available in the program suite. Equilibrium and
transition state geometries were fully optimized at the Hartee
Fock, second-order MglletPlesset perturbation theory (UHF
and UMP2, restricted for closed shell and unrestricted for open
shell) with all the electrons correlated, and density functional
theory using B3LYP correlation functional. All the transition

F,Cl) calculated at the MP2/6-33H#G** (top) and B3LYP/6-
311++G** (bottom) levels of theory. Experimental values, where
available are given in parentheses with the references.

Zero-point energies have not been scaled except for high

haccuracy methods. All density functional theory calculations

have been performed with B3LYP exchargmrrelation func-
tional.

Ill. Results and Discussion

I1I.1. Structure of Reactants and Products. The optimized
structures for all reaction species at HF/6-31G**, HF/6-
311++G**, MP2/6-31G**, MP2/6-31H-+G**, and B3LYP/
6-311++G** levels of theory are given in Table 1S (Table
numbersXS are to be found in the Supporting Information).
Harmonic vibrational frequencies for all the species were
calculated with HF, MP2, and DFT methods using 6/831G**
basis, and they are given in Table 2S. The structures are
reproduced in Figure 1 where the MP2/6-3ttG** and
B3LYP/6-31H+G** values are given along with the experi-

states have been characterized with frequency analysis. Singlemental results where available. For most of the species with

point calculations at fourth order MgllePlesset perturbation
theory (UMP4) with frozen core and density functional theory
(DFT) with a large basis set, (6-3t#G(2df,p)), were per-
formed using geometries optimized at the UMP2/6-8%15-
(d,p) and B3LYP/6-311++G(d,p) levels, respectively. Spin
projection has been applied to annihilate the highest spin
contaminant of the unrestricted wave function for the radicals.

experimentally determined structures, the HF level calculations
led to deviations in the second decimal for distances in
angstroms compared to deviations in the third decimals for MP2
and DFT level calculations. Moreover, the HF energies differed
from experimental values by 260 kcal mof! (See section
[11.2), often leading to chemically unreasonable values such as
an N—F bond energy ofk10 kcal mott. Hence, the HF results

High accuracy methods such as CBS-Q and methods based omvill not be included in the ensuing Discussion. For HN#ad
Gaussian-2 have been applied to reactants and products to getiNCly, our results exactly agree with the ab initio results
reliable information about the energetics of these systems. Forpreviously reported at the same lev&d’

the transition states, G1, G2, and G2(MP2) energies were
calculated following Pople and co-workers’ methodoldgy.
Structural optimization was carried out at MP2(Full)/6-31G*
level and the zero-point energies were calculated using vibra-
tional frequencies determined by scaling HF/6-31G* results.

For HNR, the N—H distances calculated by MP2 and DFT
methods are within 0.003 A from the experimental vaitie,
accurately determined from its rotational spectrum(1.026 A).
The same is true for the NF distance calculated by DFT
method but the deviation is 0.009 A for the MP2/6-312G**
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level calculation. The deviation from the experimenti$® for
both OFNH and OFNF angles. For HNG|] experimental

structure has been estimated using infrared spectra with severakjI

assumptiond? The N—H distance (in angstroms) was assumed
to be the same as estimated for 04 (1.014) and our results
(1.021) together with Milburn et al¥&results on NHCI (1.017)
support this assumption. TheCl distance deduced from the
infrared spectra is in very good agreement with the MP2 results
but the DFT result for N-Cl distance is off by 0.02 A. The
OHNCI angle is predicted to within®lby both methods but
the OCINCI angle differs from the experimental value b$. 5
Interestingly, this angle is the same as that found in,NC11°)

for which both experime#t and theory are in good agreement.
In fact, for both F and ClI, thelHNX angle remains unchanged
between HNX and HNXY at the same level of theory and the
same is true fotJXNY angle which remains unchanged for
XNY and HNXY. It is likely that the experimentallCINCI
angle in HNC} is an overestimate. For HNFCI, the experimental
values are not available and from the above discussion, it can
be concluded that the theoretical (MP2) bond angles are within
1° and the bond distances are within 0.01 A from the actual
values.

For aminyl radicals, unlike the bond angles that are nearly
identical to the values found in the parent amine, the bond
distances show large variations. For example, the=Nbond
distance calculated at MP2/6-3t+G** (experimental value
in parentheses, references given in Figure 1) is 1.391(1.400),
1.411¢), 1.343(1.353), 1.362 (1.37), and 1.365(1.364) A for
HNF,, HNFCI, NF,, NFCI, and HNF, respectively. The down-
ward trend from the amines to the aminyl radicals continues to
the nitrenes and for NF, the distance at the same level is 1.315
(1.317) A. The largest deviation is for NRvhere the experi-
mental N-F distance, precisely determined from its rotational
spectrunt® is 0.01 A longer than theoretical prediction. The
DFT distances are uniformally larger by0.01 A than the MP2
ones, often blanketing the experimental results. TheCN
distances show a similar trend. The-N distances in all these
species (HNXY, HNX, and NH) vary between 1.021 and 1.035
A at MP2/6-311-+G** level, but it increases from HNXY to
HNX to NH, unlike the decrease observed in NF/NCI distances.
The recent experimental-\H distance (1.09 0.01 A) in HNF
has been estimated from the rotationally resolved fluoresc&nce,
and it is 0.06 A larger than the MP2/6-3t#G** value. The
experimental JHNF angle is much larger as well at 109°
compared to the theoretical estimate of 100°. An earlier
determination of the HNF structure, again from rotationally
resolved electronic spectrutfled to shorter NH distance (1.06
A) and HNF angle (109. Our results on NfFand HNFR, are in
closer agreement with the precisely determined experimental
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TABLE 1: Energetics of Various Unimolecular Reactions
Channels for HNXY (AH® (0 K) in kcal mol 1) Computed
sing PMP4, B3LYP, CBS-Q, G1, G2-MP2, and G2
ethods

reaction
system PMPaB3LYPP CBS-Q Gl G2-MP2 G2 exptl

HNF;

H + NF2 00.0 00.0 00.0 00.0 000 00.0 00.0

HNF, —-68.8 —69.4 —71.1 -72.4 —73.6 —73.5-73.9

F+ HNF —04.7 —-07.5 —06.7 —06.7 —06.8 —07.3 -

HF + NF(X) —66.7 —66.4 —69.4 —68.0 —69.5 —69.5—-69.4

HF +NF(a) —224 -209 -29.5-30.0 —31.0 —31.0—36.7

F,+NH(X) +28.6 +30.1 +28.0 +27.6 +28.6 +28.4 25.3

F»+NH(@ +79.8 +80.4 +68.8 +67.6 +69.1 +68.8 61.6
HNFCI

H + NFCI 00.0 00.0 00.0 00.0 00.0 00.0 00.0

HNFCI —-73.0 —-726 -754-765 —775 —773 -

F + HNCI -14.4 -16.1 -159 -15.1 —-15.7 —-16.1 -

Cl + HNF —-25.4 —-279 -255-25.6 —26.4 —27.2 -

HF + NCI(X) —71.7 —-72.3 —75.7 —=73.0 —75.1 —75.1-69.0

HCI+ NF(X) —54.0 —54.6 —55.1 —53.6 —55.8 —55.7—-46.0

HF + NCl(a) —35.3 —34.6 —43.6 —42.7 —449 —44.7-42.0

HClI+ NF(a) —09.7 —09.1 —-15.2 —15.6 —-17.3 —17.2-13.0

CIF+NH(X) —14.7 —13.2 —141 —148 —152 —-159 —6.6

CIF+NH(a) +36.5 +37.1 +26.7 +25.1 +25.3 +24.5 29.7
HNCI,

H + NClI; 00.0 00.0 00.0 00.0 00.0 00.0 00.0

HNCI» —75.8 —745 —-78.6 —78.9 —79.9 —79.7-72

Cl + HNCI -30.3 —32.7 —-29.5-29.8 —-30.1 —31.2 -

HCIl + NCI(X) —54.2 —56.8 —56.1 —54.4 —56.1 —56.6 —56

HClI+ NCl(a) —17.8 —19.1 —24.0 —24.1 —-25.9 —26.2—29.5

Clo+NH(X) —26.4 —25.7 —25.7 —26.6 —25.8 —25.8—-24.8

Cl,+NH(a) +24.8 +24.6 +15.1 +13.4 +14.7 +14.6 115

aSingle-point energy at PMP4/6-3t3#-(2df,p) with optimized
geometry at MP2/6-3Ht+G**. ° Single-point energy at B3LYP/6-
311++(2df,p) with optimized geometry at B3LYP/6-3tH#G**.
¢ Experimental values are computed from data given in Table 2 along
with references.
the MP2 distances for all nitrenes. Except for NF(a), MP2 results
are closer to the experimental value than the DFT values. For
NF(X) and NH(X and a), results at MP2/6-3t+G** are
within 0.002 A from the experimental value but for NCI(X)
the difference is 1 order of magnitude larger at 0.02 A. Also,
for NF(X) these results are in close agreement with the extensive
CCSD(T) calculations using ccpVxz (= D,T,Q,5,6) basis
sets? However, for NCI(X), the latter results show a
significant improvement highlighting the need for including
extensive correlation.

I11.2. Thermochemistry of Reactants and Products.As has
already been pointed out, the thermochemistry fot-HNXY
systems is largely unknown because of relative instability of
these species at room temperature. Moreover, the available
estimates have large and often uncertain error limits. Here, we
report ab initio and DFT results for HNXY and all the possible
products at various levels in a consistent manner.

values. Hence, it appears that the experimental structure given 14 begin with, the thermochemistry of different channels for

for HNF32 has larger uncertainty than what is reported. The
OXNY bond angles for NF and NCh agree well with
experimental values. For NFCI, the bond angle of°irEported

by Zarubaiko and Gilbett appears to be too high. This structure
was determined by doing normal coordinate analysis to fit the
vibrational frequencies. As the authors point out, the bond angles
in NXY are expected to follow the trend N NFCI < NCls.

Our theoretical results support this expectation. Accurate data
on NFCI and NCJ, based on microwave studies, are highly
desirable but not available.

Nitrenes have received enormous attention over the years.
Accurate experiment#—3° and theoreticdl—4* results are
available which are useful for comparison and validation. It is
noted that the DFT distances are 0.01 A or more larger than

H + NXY reaction systems was calculated at HF and MP2
levels with 6-31G** and 6-31%+G** basis sets and B3LYP/
6-311++G** level. The H+ NXY has been taken as the zero
for energy to simplify the comparison with experiments. These
results are presented in Table 3S. To improve the accuracy,
single-point MP4/6-31t++G(2df,p) and B3LYP/6-311+G-
(2df,p) calculations were carried out with MP2/6-31-£G**

and B3LYP/6-31%#+G** optimized geometries, respectively.
Moreover, calculations with CBS-Q, G1, G2-MP2 and G2
methods were carried out. The results of these calculations are
shown in Table 1 along with experimental results where
available. The enthalpies of formatiotKl% at O K in kcal
mol~1) for all the species were calculated at G2 level, and these
are given in Table 2.
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TABLE 2: Enthalpies of Formation (in kcal mol ~1)
Calculated with G2 Method and Experiment

molecule G2,0K expt G2,298.15K expt
HNF, —15.3 —14.0+15 —16.9 —-156+ 1.5
HNFCI 10.9 9.4

HNCI, 33.7 32.2 38 ebt

NF, 6.6 8.3+05 6.0 7.9 0.5
NFCI 36.6 27+ 6est 36.0

NCl, 61.8 61.4 58.4 est.
HNF 324 31.7 25t 4 est
HNCI 53.6 52.8 53.4 (theory)
NH(X) 86.3 85.2+0.4 86.3 85.2+ 0.4
NF(X) 54.9 55.6+0.5 54.9 55.6+ 0.5°
NCI(X) 79.3 62+ 2,75+ 5 79.3 624 29, 75+ 5
NH(a) 126.7 121.5:0.4 126.7 121.5-0.4
NF(a) 93.4 88.3:0.5 93.4 88.3: 0.5
NCl(a)  109.6 101.5:5 109.6 1015t 5

HF —66.2 —65.1+0.2 —66.2 —65.1+ 0.2
HCI —22.4 —22.02+0.05 —22.4 —22.06+ 0.08
F> 0.3 0.0 0.3 0.0

CIF —-13.9 —-13.2+0.2 -14.0 -13.24+0.2
Cl, 14 0.0 14 0.0

aReference 46° Reference 165 Reference 48! Reference 49.
¢ Reference 50Reference 519Reference 52! Experimental value from
ref 52 is revised on the bases of newer enthalpy data availablesfor N
refs 53 and 54; see textS—T gap from Table 2 is added to the triplet
state enthalpy of formatiomReference 47 Standard state Reference
27.MReference 4.

TABLE 3: Triplet —Singlet Energy Spacing (in kcal mot?)
for NX (X = F, CI) Calculated at Different Levels of
Theory?

method NH NF NCI
MP2/6-31G** 58.2 49.7 43.5
MP2/6-31H+G** 55.7 49.2 41.6
B3LYP/6-31H-+G** 50.5 45.8 39.6
PMP4 51.2 44.3 36.4
B3LYP® 50.3 45.5 37.7
CBS-Q 40.8 39.9 32.1
G1 40.0 38.0 30.3
G2-MP2 40.5 38.5 30.2
G2 40.4 38.5 30.4
MRD-CI 37.3 31.¢ 30.4
exptl 36.2 32.7 26.5

a Experimental values are also indicated. There is no uncertainty
within the quoted decimals for the experimental vall®esingle-point
energy at PMP4/6-31+(2df,p) with optimized geometry at MP2/6-
311++G**. ¢ Single-point energy at B3LYP/6-3%4+(2df,p) with opti-
mized geometry at B3LYP/6-3#1+G**. d Reference 44¢ Reference
42."Reference 437 Reference 37" Reference 60.Reference 45.

The HNXY molecules have singlet ground state and the HX
elimination channels correlate to NY(a) singlet state. Hence, it
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3)

The maximum vibronic energy observed in the product NCI
sets an upper limit to the exothermicity of the reaction. The
AH?’: for N3 was estimated similarly by the NOgNemission
from

Cl+ N, — NCl(b) + N,

O/N + N;— NO/N, + N, 4)
reactions with known values afH°s for O, N and NO. This
method can give only a lower limit for thAH®°; of N3 and it
was assigned as 99 kcal mél The AH% (N3) has been revised
upward by two groups later. By observing the HF(v,J) infrared
chemiluminescence (IRCL) from H HNgj, Setser and co-
worker$? estimated a value o£113.6 kcal mot®. Using ion
cyclotran resonance technique, Brauman and co-wdrkers
determinedAH®; of N3 to be 112+ 5 kcal mol?, in close
agreement with IRCL estimate. Using this revised estimate for
AH®%(N3), the AH°% (NCI) is reevaluated to be 75 5 kcal
mol™%, in reasonable agreement with the G2 value of 79.3. The
more accurate theoretical estimate of Xantheas &t lahsed

on CCSD(T) and MRCI calculations prediaiH°; for NCI to

be 76.5 kcal mall, in better agreement with the experiment.
Here, it should be pointed out that Clyne’s estimate for NCl is
also a limit and not an absolute measurement. However, on the
basis of the agreement between theory and experiments for many
of the systems considered here, it is concluded that the
experimentalAH®;: for NClI is well established at 75 5 kcal
mol~L.

In the following discussion about the G2 results, one should
keep in mind that the NX singlet states are overestimated by
up to 6 kcal motl. This is important when analyzing the
enthalpies and barriers for the HX elimination reactions on the
singlet potential energy surface. The results for HNHNFCI,
and HNC} and their reaction products are discussed individually
followed by a comparative summary below.

Ill.2.a. HNF,. The experimentahH% for HNF, and most of
its reaction products (N&-NH, NF, HF, R, H, and F) are well
established except for HNF. These are included in Table 2. For
HNF an estimat® of 25.54 4 kcal mol* based on the then
available N-F and N-H bond dissociation energies in the NF
and NH diatomics coupled with CI calculations on HNF is
available. For all these species except HNF the G2 values are
within 1—2 kcal mofl%, the largest deviation being 1.7 kcal
mol~! for NF, at 0 K. The G2AH% reported here for HNF
(32.4 at 0 K) should be accurate to 2 kcal mobr better. The
agreement in Table 2 suggests that the G2 thermochemistry
given in Table 1 should be accurate te-4 kcal mol?! for

was necessary to determine the energies of both the NY(X) reactions producing all ground-state products but for the

triplet ground and the NY(a) singlet excited states. The singlet
triplet (S—T) energy gaps predicted with all these methods are
given in Table 3, along with results from very advanced level
(MRCI) calculations available in the literature. The data given
in Tables 2 and 3 clearly identify one problem with different
levels of theory. The ST gap predicted is higher than the
experimental value (in kcal mol) by 25-35 at HF level (not
shown in Table), 1615 at MP2 and DFT levels, and-6 at

the more advanced levels. Thd1°%; calculated for the ground-

reactions leading to excited states the error carebekcal
mol~L. From Table 1, it is clear that the G2 and G2-MP2 results
differ by less than 1 kcal mot for all reactions considered.
The G1 and CBS-Q results are within-2 kcal moi! from
the G2 estimates. For single-point MP4 and B3LYP calculations,
the differences from G2 values are larger at54kcal mol2.
ll1.2.b. HNCkL. For HNCkL and its chlorine containing
products, accurate experimentaH% are not available. For
HNCI; and NC} some indirect estimates, with unknown error

state triplet nitrenes at G2 level are in very good agreement limits, are available and they differ from the G2 value by 6 and

with experiment and higher level calculations for®R&nd NH*
but differs from the experimental NCI value by 17 kcal mol
The only experimental estimate axH®; reported for NCI is
62 + 2 kcal moit by Clark and Clyné? This estimate was
based on observing the NCltb X) chemiluminescence from
the following reaction:

3 kcal mol?, respectively. For HNCI, there is no experimental
determination available. Milburn et #.have reported single-
point MP4 and QCISD(T) calculations with MP2 optimized
geometry for all NH.Cl, species with the same large basis set,
6-311++G**. Their results are in very good agreement with
the G2 values reported here for HNCHNCI, NCl,, NH, and
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TABLE 4: Energy Barriers (in kcal mol ~1) for Various Reactions from HNXY

reaction system MP2/6-31G**  MP2/6-33%#-G** B3LYP/6-311++G** PMP42 B3LYP® G1 G2 G2(MP2)
HNF
HNF, — NF(a)+ HF 56.1 53.7 46.2 50.6 47.8 50.4 50.9 51.2
HNF, — F + HNF 64.7 61.8 59.2 64.1 61.9 65.7 66.2 66.8
HNFCI
HNFCI— NCl(a) + HF 51.9 48.0 39.7 43.4 40.0 43.1 428 43.0
HNFCI— NF(a)+ HCI 68.0 66.4 58.2 63.3 60.1 60.9 60.9 60.8
HNFCI— F + HNCI 60.9 59.4 55.1 58.6 56.5 614 61.2 61.8
HNFCI— CI + HNF 44.6 45.0 41.7 47.6 44.7 50.9 50.1 51.1
HNCI,
HNCI, — NCl(a) + HCI 64.1 61.4 51.2 56.9 51.5 57.6 56.9 56.8
HNCI, — Cl + HNCI 44.6 46.0 39.7 45.5 41.8 49.1 485 49.8

a Single-point energy at PMP4/6-313-(2df,p) with optimized geometry at MP2/6-3t#G**. b Single-point energy at B3LYP/6-3%H-(2df,p)
with optimized geometry at B3LYP/6-3#HG**.

NCI. The accuracy of the other methods compared to G2 is
similar to what is discussed above for HNF

II1.2.c. HNFCI. For HNFCI and its products the thermochem-
istry is virtually unknown. The experimental results given in
Tables 1 and 2 are estimates from ref 4 and they differ from
the G2 predictions by up to 9 kcal ntél The AH% for NFCI
(Table 2, 27 kcal moit) seems to be the major cause for this
difference. This estimate was made by assigning th€Noond
energy in NFCl as 57 kcal mot based on several assumptions
about the N-Cl bond energies in NFCI, NgINFCh, and NC.
From the G2AH listed in Table 4, the NCl bond energy in
NFCI is calculated to be 47 kcal mdl only. The AH% for
HNFCI has not been reported earlier to the best of our
knowledge and the value calculated at the G2 level is very close
to the average ofAH% for HNF, and HNC}, which is
reasonable.

l.2.d. General Obserations. The N-H bond energy  Figure 2. Structure of the transition states for HX elimination from
increases in the order HNK HNFCI < HNCI, at all levels of HNXY calculated at the MP2/6-341+G** (top) and B3LYP/6-
calculations. Substitution of Cl for F leads to an increase in 311++G** (bottom) levels of theory. TS1 and TS2 are for HF
N—H bond energy, and this is the opposite of what is observed ellmlnz?ltl(_)n fr_om HNF, and HNFCI, respectively. TS3 and TS4 are for
in halomethane® At the G2 level the N-H bond energies are ~ C! elimination from HNFCI and HNGJ respectively.

735, 773, and 79.7 for the three haloamines Compared to 1064]’ABLE 5: Frequencies of Opt|m|zed Transition State for
kcal mol? for NH3?7, a huge 30 kcal mol reduction on Unimolecular HX (X = F, Cl) Elimination from HNXY

cl 138 H 1.399 Cl
1.589 1.363

halogen substitution. Baumgartel ePahave noted such drastic HE/ MP2/ B3LYP/
reduction in N-H bond energies on going from NHo NH,F reactiort 6-31H+G**  6-311++G**  6-31H+G**
to NHF,. Milburn et all® have noted similar trends for NH HNF, — 1911i, 324,607 1426i, 292, 633 1094, 259, 530
NH.CI, and NHC}. Halogen substitution does alter the-8 NFi{@a)+ HF? 1300, 1439, 2498 1167, 1241, 2086 1127, 1220, 1924
bond energies but F and Cl have opposite effect. Moreover, HNFCl— 1808i, 262, 527  1449i, 243, 623 1144, 209, 511
the effect is much smaller. The-H bond energies in CH NCI(a)+HF 879, 1279, 2553 909, 1206, 2103 832, 1197, 1964
CRsH, and CCJH are 105, 107 and 96, respectivélyAlmost HNFCl ™~ 1581} 216, 433 6261, 182,317  S11I 106, 251
' ' ' : NF(a)+ HCl 1166, 1261, 1749 764, 1178,2105 283, 1096, 2781
all the chlorofluoromethanes have-El bond energi€s between HNCI, — 1495i, 167,329, 587i, 149,578  172i, 104, 505
95 and 105 kcal mot-. Another interesting observation is that NCI'(a)+ HCI? 866, 1119, 1660 915, 956,1469 773, 868, 1838
the bond energies increase in the order® < N—F < N—H a Superscript 2 is used on halogen atom being eliminated, in the

in all three haloamines. At the G2 level, the-N (N—CI) bond case of ambiguity.
in HNF, (HNCIy) is weaker by 7(31) kcal mot compared to
]Ehe Nh_":] bondf._ Ac\jgal;;], Ilg IS (;Jllfferen_t from the halome:}hane; than to reactants i.e., cases of late barrier. Significant changes
COLVCVI '5 Co_nﬁ ans_tFEF) ond energies to increase in the order 5. ,pserved between HF, MP2, and B3LYP optimized TS
. j . S geometries. Such a trend between HF and MP2 was observed
I11.3. Transition States for Unimolecular Elimination in our earlier work on HCI elimination from C}€OCI5” With
Reactions.Optimized transition state (TS) geometries at various MP2 and B3LYP methods, the TS move much closer toward

levels of calculations are given in Table 4S. Frequency
calculations were performed at HF, DFT, and MP2 levels with products compared to the HF Iev_el. For (_axample, ‘?‘t B3LYP/
6-311++G** level, the HF (HCI) distance in HNFCl is 1.890

6-311++G** basis set for the saddle points (TS), and they are i -
given in Table 4. The HF frequencies have been included in (2-225) A compared to 1.187 (1.300) A in the TS connecting
this table, as the G2 method used the scaled HF frequencies if® HF + NCI (HCI + NF). The HF (HCI) bond distance at this
thermochemical calculations. The structures of the transition level is 0.922 (1.287) A. The NH bond is partially broken
states are shown in Figure 2. Energy barriers at various levelsbut the N=X bond is almost completely broken. This is very
of theory are listed in Table 5. The schematic energy level similar to the HX elimination TS found for halometharié8/ 8
diagram for the H+- NF,/NFCI reaction is given in Figure 3.  where the G-H bond is partially broken and the-€X bond is

All the transition states are geometrically closer to products more fully broken. However, HX elimination transition states
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o - . The energy barriers for various elimination reactions presented
Tl o RN in Table 4 reveal that the barrier energies are much less than
T the corresponding NH bond energies. This suggests that the
' +\\_q<_m H 4+ NXY — HX + NY(a) reactions can go through HNXY
joooe intermediate as assumed in all the experimental work so far.
The G2 values for the barriers differ from the MP2 and B3LYP
._ values by 3-6 kcal mol!. The PMP4 and B3LYP single-point
\‘L‘c—f“,’,‘%ﬁF calculations with the larger basis set reduces the difference from
et G2 value to 6-3 kcal molt. The convergence of the barrier
NFR « et heights at these high level calculations suggest that the transition
-svis0) states have been well characterized.

Loarey] e \L rsies) It can be noticed that the barrier for HCI elimination is higher
e rem e than that for HF elimination in haloamines. This is in sharp
Figure 3. Schematic energy level diagram of the#HNF, and H+ contrast to the halomethanes for which the HF elimination has
NFCI reactions. The vaIl_Jes given are at G2 Igvel._For other values seey larger barrier than the HCI eliminatidhlt is mostly due to
Z\?:illzsbljé _a(nsdegsT'a%)l(epez”fngf?é?ér‘glgg;f"‘re given in parentheses wherg o iapijity of the fluorocarbenes most of which have negative
AH®: compared to that of NF. The HF elimination barrier
with long C—X bond lead to significantly larger preexponential decreases with the presence of more Cl atoms whereas the
factors than what has been observed experimentally for haloal-presence of more F atoms increases the barrier for HCI
kanes>® elimination.

A dramatic change in NH distance in the TS for HCI 4. RRKM Calculations on HX Elimination from
elimination from HNFCl is observed when going from HF (1.25  H{NXY. To determine the relative importance of the HF and
A) to MP2 (1.51 A) to DFT (2.08 A) level calculation. For  Hcj elimination channels, RRKM calculations were carried out,
comparison, the NH distances in the TS for HF elimination 55 gescribed in ref 57. Calculations used structure, vibrational
from HNF; and HNFCI change by:0.1 A between different frequencies, and energetics determined at the G2, MP2, and DFT

levels. Among bond angles, major changes are observed injoyeis. For G2 level calculations HartreEock frequencies and
OXHN, which increases upon inclusion of correlation with MP2 MP2 optimized structures were used. The unimolecular rate

and DFT methods. Within each level, the TS geometries and constants for HF and HCI elimination reactions were calculated

frequencies are somewhat insensitive to basis set. Another .
notable feature is that theXH—N—Y dihedral angle is almost at [ECicorresponding to H- ’.\IFCI. and NH(a)+ FCI ent_rar_lce_
channels. The results are given in Table 6. The HX elimination

constant for all TS. reactions from all three haloamines are predicted to occur in
An analysis of the normal-mode frequencies of TS confirms . e p
picosecond time scale at these energies.

that the transition state structure becomes much looser upon
inclusion of correlation. The TS for HCI elimination is looser ~ The rate constants calculated at different levels follow the
than HF elimination at all levels. The loosest TS are obtained trend MP2< G2 < DFT. The G2 values are larger than MP2
with the DFT method. For all TS, the mode corresponding to values mainly due to the energetics. However, the DFT rate
the reaction coordinate is dominated by the NH stretch with constants are larger due to frequency factors, as expected from
minor contribution from the halogen atoms. The relative motion the nature (looseness) of the TS calculated at these levels. The
of the four atoms involved confirms the correctness of the TS DFT results for the H+ NFCI and NH(a)+ CIF reactions are
for the given reaction. It can be inferred that elimination intriguing. The barrier for HCI elimination is about 20 kcal
reactions proceed by complete breaking of the NX bond along mol~! higher than that for the HF elimination. However, the
with concomitant formation of the HX bond. In the process, TS for HCI is much looser than that for the HF elimination.
the NH bond is significantly weakened. The final stage of The latter effect dominates the RRKM rate constants. At the
elimination proceeds through complete breaking of the partially MP2 level, the HF elimination rate is 10 times faster than the
broken NH bond. The DFT results for HCI elimination from Hc| elimination. But at the DFT level, both these reactions have
HNCI; is different from the others with significant and nearly =~ comparable rates differing by a factor of 2 only. For the NH(a)
equal amplitudes for H, N, and the ClI being eliminated. The | C|F insertion reaction, the HNFCI intermediate would have
imaginary frequency, which corresponds to the reaction coor- 4yajlable energy about 110 kcal mél At these energies, the
dinate, at the TS for HCI elimination from HN£thanges from 4 elimination rate is 2.5 times faster than the HF elimination.
1495 at HF level to 587 at MP2 and 172 chin DFT Thus, the DFT results are in qualitative agreement with the
calculations. For HF ehmmanon from HNFthe imaginary experimental observations from both thetHNFCI* and NH-
];rigge;(%;gaanr? dei (I)%Szlsc?};a}nmaDtllzcﬁlgar(rzigti)ilsl ?;:Ir:elseljlltesl to (a) + CIF“ reactions. However, as is evident from Figure 3,
T . the N—=X bond dissociation reactions need to be considered to
for HF/HCI elimination from HNFCI resemble that of HMF . S
assess the overall importance of these molecular elimination

HNCI,, respectively. The very low imaginary frequency for HCI - .
elimination from DFT calculations predict that tunneling may reactions and they are discussed next.

not be significant. On the other hand, for HF elimination with  !II.5. N —X Dissociation Reactions for HNXY.The N-F
higher imaginary frequency, tunneling could be important. There bond energy in HNFis found to be 8-14 kcal mof higher

is no direct or indirect experimental data on the transition statesthan the HF elimination barrier in MP2 and DFT level
such as thermal rate constants and preexponential factors foicalculations (Table 5), the higher limit favored by the advanced
these systems. Hence, there appears to be no basis on whickalculations. Hence, for the H- NF, reaction, the HF
one could evaluate the different predictions from HF, MP2, and elimination is expected to be the most important channel. For
DFT calculations. (However, see next section on the branchingthe NH(a) + F, reaction, with the available energy of about
ratio from RRKM calculations.) 150 kcal mot?, the F+ HNF reaction will become important.

ey
S T

\
N3 3T)
HF + NF(a)




Chlorofluoroamines

TABLE 6: RRKM Rate Constants for the Unimolecular HX Elimin
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ation from HNXY @

molecule [EC{MP2) kcal mof?t k(MP2) st (ECYDFT) kcal mof™ k (DFT)s* (ECG2 kcal mot? k(G2)s?
HNF, 70 1.01x 10%? 70 5.69x 10+ 74 4.15x 10*
HNFCI (HF) 75 1.75x 10%? 73 5.63x 10% 78 7.09x 10%?
115 1.25x 101 110 2.42x 1043 103 2.05x 103

HNFCI (HCI) 75 1.13x 10% 73 2.57x 10%? 78 7.41x 104
115 1.05x 101 110 6.54x 103 103 7.66x 102

HNCI, 80 7.31x 10% 76 3.96x 102 80 4.00x 102

a[E[J= 75 corresponds to available energy fromtHNFCI and[E0= 1

The bond dissociation reactions usually have larger preexpo-
nential factor$! and they become more important at higher
energies.

The situation for HNFCI appears to be more complicated.
As expected, the HF elimination has the lowest barrier.
However, the N-Cl bond energy in HNFCI is very close to
this barrier. At MP2 level, the NCI bond energy is in fact
smaller than the barrier for HF elimination. Advanced level
calculations reverse this trend, and at the G2 level the HF
elimination barrier is 8 kcal mof lower than the N-Cl bond
energy. On the other hand, the barrier for HCI elimination from
HNFCI is 10 kcal mot! above the N-Cl bond energy. This
should suggest that the-NCl dissociation will be competing
with HF elimination and it will be more dominant than the HCI
elimination from HNFCI. However, as already pointed out, the
barrier for HCI elimination may be overestimated by&kcal
mol~L. In any case, it can be concluded that the-Gl
dissociation leading to HNF CI from HNFCI may be an
important channel if not more important than HCI elimination.
So far, there has been no experimental attempt to look for HNF
from the H+ NFCI or NH(a) + CIF reaction.

The case of HNGIis similar to that of HNFCI as can be
inferred from Table 4. Results of calculations at all the levels
predict the N-Cl dissociation to be more important than HCI

15 corresponds to NH(a} CIF.

experimentalAH®; (NCI(X)) is reevaluated to be 7% 5 kcal
mol~1, resolving the large discrepancy between the theory and
experiment that existed in the literature. Structure and vibrational
frequencies for all the reactants, products and TS have been
reported at HF, MP2, and DFT levels.

(3) For the haloamines, the bond energies increase in the order
N—CI < N—F < N—H. Halogen substitution lowers the-NH
bond energy drastically. Among the three haloamines studied,
the N—H bond energy increases in the order HNF HNFCI
< HNCl,.

(4) The HX elimination from the haloamines proceeds through
a loose, product like, TS resembling similar TS found for HX
elimination from halomethanes. The barrier for HF elimination
from haloamines reduces on Cl substitution whereas the HCI
elimination barrier increases on F substitution. The barrier for
HCI elimination is 18 kcal moti! larger than that of HF
elimination for HNFCI. However, entropy factors seem to favor
HCI elimination, especially at high energies.

(5) For HNFCI and HNGCJ, the calculated NCI bond
energies are less than the barrier for HCI elimination, suggesting
that N—CI dissociation may be more important in these
reactions.

elimination. Here again, there has been no attempt to detect Acknowledgment. We acknowledge fruitful discussions with

HNCI from either the H+ NCI, or NH(a) + Cl, reaction. It is
likely that both HCI elimination and NCI dissociation occur,
but only the HCI elimination channel has been observed
experimentally.

The H + NCI/NFCI reaction could go through direct ClI
abstraction in the singlet or triplet channel. Guo and Béng
have considered the F abstraction from the triplet channel for
H + NF,. They find that the barrier for F abstraction in triplet
channel is 20.6 kcal mot at MP2/6-31G* level and hence rule
out this possibility. Singlet channel abstraction has not been
explored yet. In general, Cl abstraction reactions have lower
barrier than the F abstraction reactions. Hence, Cl abstraction
through the singlet and triplet potential surface for botht-H
NFCI and H+ NCI, need to be explored and such studies are
planned. Also, exit channel interactions in the-@l dissociation
process could lead to the thermodynamically favored HCI
channel through “secondary encounters” .

IV. Summary and Conclusions

The haloamines, HNXY, and their unimolecular reactions’
products along with the transition states for HX elimination have
been investigated by ab initio and DFT calculations. The
important findings from this study are summarized below.

(1) The HF level calculations are very inadequate for
haloamines. Inclusion of correlation at the MP2 or DFT level
improves the results significantly.

(2) Enthalpies of formation for all the reactants and products

have been reported at the G2 level. For the ground states the

uncertainty is expected to be less than 3 kcal Thollhe
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Supporting Information Available: Table 1S. Optimized
ground-state geometries for HNXY and various reaction frag-
ments calculated at HF/6-31G**, HF/6-31%G**, MP2/6-
31G**, MP2/6—11++G**, and B3LYP/6-31H1+G** levels
of theory with experimental values where available. Table 2S
List of vibrational frequencies (in cm) for HNXY and various
fragments calculated at HF, MP2 and DFT levels with
6-311++G** basis set. Table 3S. Enthalpies of various uni-
molecular reactions for HNXY AH° (0 K) in kcal mol?)
computed using HF, MP2, and DFT methods given in Table
1S. Table 4S. Optimized transition state geometries for unimo-
lecular HX (X = F, Cl) elimination from HNXY at various
levels of theory as given in Table 1S. This material is available
free of charge via the Internet at http://pubs.acs.org.
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