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he structure, bonding, and properties of nitrosyl fluoride,

QNF are the focus of sustained interest,!-® recently extended to

s protonated isomers whose s tructure and stabrllty h e been
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Experimental Section

Mllel'llls. JN lU'OgCl'l Ill.IOl'lGC anu mmc OXIGG Irom Matheson
Ltd. and helium from Sol Sud Co. were high-purity research-
grade gases used wrtnout rurtner nurmcatlon Gaseous HF has

beenio;t.;.rned from the thermal decom_nosrtron (t = 350 °C) of

solid potassium hydrogen fluoride, KHF, (Aldrlch Chemicals
Co.) introduced into the source via the direct-insertion probe.

Mass Spectrometric Measurements. MIKE and CAD spectra
were recorded using a vu Micromas

Y i
ravarsaa oeoimeir
ISVEiSoe evvnllv\m .

e

rmsmn nm fallacea: lao
U

were as follows:
erature 180 °C; e

Algno

an acceleration potentlal of 8 kV at an energy resolutlon ranging
from 3 X ms to 6 X 105 and renresent the average of at least

12182 seprestlln U O 4t

40 scans. CAD spectra were taken by admlttmg He into the

collision cell at sucha pressure to re duce the main ¢am intensity
with a Bruker Spectrospm APEX 47e spectrometer equipped
with an external ion source.
Snmanudtniisanal TNatails Al initin anantnm_manhanisnl Anl
WVUIIPUILRUIVIIAIL A7VIRiiS, NV linuv Bailituiii~iiivwiialiival val™
culations were performed using=a RISC/6000 version of the
GAUSSIAN 92 program package.!! The standard internal
-31G*,122 6-311G**,125 6-3114+G**,12¢ and 6-311G**(2df)!%

* Universitd La Sapienza.

1 Universitd dell Tuscra
® Abstract pu h
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d d socrauon anu 1somerlzauon
diagram explains the dlstmc ly different shapes of the MIKE pe
associated with the reaction (ONF)H™ — NU"‘ + HF. Thelosso

....... bad ceeisle

is associated with a

(Mll(E) and colll 1
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basis sets were employed throughout. Geometry optimization

were performed in the full snacg of the coordmates bv analytical

Fdil s UL LI lalylitdl

he framework of the second order

true minima, transition structures, or hrgher-order saddle points
onthe corresponding potentiai energy hypersurface. Theunscaled
values obtained were used to calculate the zero-point energies
{ZPEs) of the various species. Single-point calculations, at the
post -SCF level of theory, were performed within the Moller—
Plesset framework up to the fourih-order (MP4), by inciuding
single, double, triple, and quadruple excitations. A post-MP4
correction for residual correlation energy contributions was
accounted for by quadratic conﬁguration interaction, including

PVt P T W tNN AT TONNT ARY

iripie excitations (QCISD(T)). The GAUSSIAN-1 procedure!®

was amnlaved ta ahtoin thae tatal anarciac of tha varinue snaniac
Ao wiil| IUJV\‘ PV VVVRLLL LAV LWVMRML Wilwl 6lw Vi Vil TQ1liVvud oywvlw
and the enthalnbv chanee of the invesiiosated nrocesses This
ang toe eninaipy cnange oI tne invesiigate@ processes. inis
methodis generallyacceptedasa compu ational procedure which

is able to predict or to reproduce thermochemical data toa target
accuracy of %2 kcal mol-l. The performance of this theory in
the mvestlgatron of gas- phase ionic processes has recently been

aria aritalaiiis amammle, damemmatouasad 6

lﬁV‘lGV‘VW uuu ll-B Miuuuuu._y muply UCILIVIIDLIALTAL. ® lll LHE
framework of the GAUSSIAN-1 approach, the total energy of

a species, E(G-1), is given by

SPRLILs, D=1, <

E(G-1) = E, + AE(+) + AE(2df) +

AE(QCI) + AE(HLC) + AE(ZPE)

AE(+) = E(MP4(SDTQ)/6-3114+G**//

KA"D’)IWITI 1 )/6 31 -*) -FE
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where n, and ng are the number of o and § valence electrons,
respectively;
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ions unaer cnemlcal ionization {L1) CONAIuons. 1ne iirst one I8
based on the reaction sequence

NF,+e—NF,* + F + 2¢ {1a)
NF,* + H,0 — (NF,-OH,)* (1b)
(NF,-OH,)* — (HONF)* + HF (1)

Using D,0, the reaction sequence (1a—c) eventually yields labeled
ions that incorporate aDatom. Thereaction sequence issupported

PR S commrmdlaas. FIN 2o foalo rtalds sl
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NF; ion (m/z = 52) as the most abundant fragment, together

with a minor NF* peak (m/z=33). (ii) The (? rz—unz; adduct,
min = 'm which chiftc tn mfy = 721 DO from the

AL,

NF;/H:O mixture. (iii) This ion undergoes ioss of HF as the
only metastabie decomposmcn thus providing ewcence for the

A mma e PRy SRy Ammmida s tda biandia mmana.
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release (KER) of dissociation (1c), measured at the half- hetght
of the metastabie peak (Ey,2) as I
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internai degrees of freedom of the {(H ONF
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Additional evidence for the reaction sequence (1 a—c) has been

obtained by ICR spectrometry. NF,* ions have been formed by
nn" afan ICDR
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survives further dissociation into NO+ and HF. From Figure
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Irrespectwe of their formatxon process, andin keepmg withthe

resulisof the ICR expenmems, the omy metastable cwomposmon
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from sequence (la—c) usmg DZO) Thls observatxon is consxstent
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populauons {rom reaciions ua—c) and [& ) The (UNF)H" 1008
from reaction gequence {1a—2) show 2 comnosite digh-tonned

from reactior 1ce {Ia—c} show 2 composite, dish-topped
mmk {Figure 2A) withan pn‘rntmnallv Iarce E. J2.8%eV (270
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eV using D,0) and a narrow central component On the other
hand, only tlns central component is observed in th
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As preliminary noted,?® the unimolecular decomposition of
t'.rle {ONF)H* ions from the reaction sequence {la—<¢} is
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narily violent molecular dissociation, whose kinetic
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Figure 2. MIKE peaks for the decomposition (ONFYH* — NO* + HF:

{A) from reaction sequence {la—c); (B) from reaction 2,

energy releaseis unprecedented in the metastable fragmentation
0[ smmv cnameg cauons

Formation of different isomers has been aiso investigated by
CAD spectrometry of the (ONF)H* populations from reactions
{1a—c)and (2), although the relatively low intensity of the (ONF)-

H* ions and the significant contribution from their ummolecular
decomposntlon adversely affect the quahty of the CAD spectra

spectra reported in Figure 3. Although evidence of this kind is
not conclusive, the fragmentation pattern of the (ONF)H™ ions

fa AY chauins tha NI
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ion at m/z = 33 and the HON* i ion at m/z = 31 (which shifts
to mfz =
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the existence and the reiative siability of the various isomers
from protonation at nitrogen, oxygen, and fluorine atoms has
been examined at the CISD + Q level of theory, with a double-{
plus polarization quality basis set. Positive evidence for the
existence of four (ONF)H* distinct isomers has been obtained.
The fluorine-protonated form was found to be a loosely bound
complex of HF and NO*, a view supported, inter alia, by the long
distance {2.421 A) between the two groups. This spec1es was
found to be much more stable {ca. 70 kcal mol.-!) than the three
almost degenerate (within 7 kcal mol-l) ions arising from
protonation at oxygen and nitrogen.

Whereas the above theoretical results are ad m_late for

are adeg
predicting the relative stability of the various s (ONF YH* pro-

10mers, LI.IG l.il.lBSI.I.UI!. Ul Lllcll' uucrbuuvcrswn Uarrlcra nasnot oeen

addressed. Since the knowledge of these details is crucial for the
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Figure 3, CAD spectraof the (ONF)H*ions: (A) from reactionsequence
{la—c); {B) from reaction (2).
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Figure 4, MP2(FULL)/6-31G* optimized geometries of the ONF
molecule (experunental values in parentheses) and the (ONF)HY ions.
Bond lengths in angstroms and bond angles in degrm

& mass specirs uetric R we decided to
investigate the (ONF)H* potential energy nypersurface at the
GAUSSIAN 1 leve gf theory.!5

the,nrv of the ONF rnnlr-pnlp the four (ﬂNF‘\I—I"' isomers I_‘l
and then' mterconnecttng transmon structum TSl—TS4 are shown
in Figure 4. The relevant data for the evaluation of the

GAUSSIAN-1 energies of the species of interest are given in



¢ Imves
ONF (0) -229,153 02 -229.298 49 9.31534 -229.416 68 —229.288 52
1a (0) -229.344 56 -229.502 31 9.509 65 -229.618 19 -229.456 40
b (0) 22934050 -22949690 9.503 60 22961377 -229.49127
3(0) -229.459 10 -229.623 93 229.636 70 -229.726 87 ~229.610 87
TS1(1) -229.292 65 -229.452 58 29.460 09 -229.569 54 ~229.446 80
TSz (1) -229.303 37 -229.456 22 29.463 36 -229.573 20 -~229.446 34
9 2 7
17 30

species MP4/6-311G** AE(+) AE( AE(ZPE) N-1 AE
ONF 19 -55.26 7.15 67
ia i -5 20.58 30 0.0
1h 0 . -5 20.08 02 +2.7
2 5 6 -35. 20.98 665 28 -6.9
3 3 4 -55.26 15.83 01 -70.1
TS1 8 96 -55.26 1 15 +27.7
T2 2 116,98 : -35.26 14 43 +26.9
TS3 3 -117.88 + -55.26 1 ~229.57292 +51.1
184 52 -117.15 + -55.26 1 ~228.612 07 +26.5
HF 73 —45.89 +0.2 -24.56 ~100.346 79

-55.5
NO* -129.326 40 -3.09 ~55.97 +12.51 ~30.70 483 -129.398 82

Tuiﬁwa 18 u.uu rn lllc uul.u slvcu i 1 Taiﬁlﬁ L SULIYS LU Ulb\vubb l.llU
energetlcs of the protonatlon of ONF, and a schematic view of
me two-mmensnonal potenual energy ulagram OI me relauve
stabilities of the various (ONF)HT species is given in Figure 5.
Protonation at the oxygen atom of ONF gives stable trans and
cis isomers, 12 and lb thg former being more stable by 2.7 kcal

mol-! at the GAUSSIAN-1 level of theory. From Figure 4, and
in line with previous findings,” comparison of the optimized

Sy mbasaan Basa mumbamabad Snnmen 1iidh thaé A8 FIRTE mavania

StTucCLures Ul tHUBF PLUVLIAGLEU 1ULLIS WILLL tat Ul vni‘ iCvCais
that O-protonation shortens the F-N bond slightly but lengthens
the N~O bond.
From Figure 4,and in full agreement with a previous theoretical
1

f

between the M / optimized parameters o
ONF and the experimental data® has to be noted.

Accordmg to Table 2 the proton afﬁmty (PA) at th OX y en

o
]
mancy Aiffan.
REIgy aiicren

4 the ﬂattemnq of the NOH angle
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3 ) and 1b ( 1 14 4°)is noteworthv.
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with the rclatlvely hlgh value of the computed imaginary
frequency, these geometry changes indicate a significant overlap
between the 2p orbitais of the adjacent N and U atoms of TSI.

Protonation at the nitrogen atom of ONF leads to the formation
of the fully planar ion 2, which is more stable than 1a by 6.9 kcal
mol-!atthe GAUSSIAN-1level of theory. The PA of the nitrogen
atom of ONF is computed as 123.0 kcal mol-! at 298 K (Table
z), which is agaln iower than tne prev1ous CIsS

D+

rence {without vibrationalan oilass sl
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AS {0 the structure OI 101'1 L, our Nirz(r
1G* esults are fully consistent with the previously

- C
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eporte

CISD ones. In fact, as shown in Figure 4, protonation at the
mtrogen atom of ONF results in a tlghter F-N bond, whereas
theN-O DOI]Q lengtn is almOSI unanecteu. MOI'BOVCI', me mcrease
of the FINO angle by ca. 12° as a consequence of the protonation
atthe nitrogen atom has to be noted. The interconversion between
the O-Dmton_ated ion 1a and the N-protonated ion 2 requires to
overcome a significant activation barrier, computed at the
GAUSSIAN-1 level of theory to be 51.1 kcal mol-! with respect
to ia. This i,2-hydrogen migration process occurs through the
three-center transition structure TS3, The single imaginary
frequency associated to the ion, —1656.2 cm!, refers to the in-

plane motion of the nydrogen atom, whose distances from the

respec vely.

The ion—dipole compiex 3 is obtained by protonation at the
fluorme atom of ONF As prevxously pointed out,? separatlon
Ul Lu [ 5 15 QU ‘1 =
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of NO*, 235, 3kcal 01, with the above com
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forion 3. To evaluate the internal co
enthalpy change of the process
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NF,* + H,0 — ON-FH* + HF (3)

has been calculated using the above-derived heat of formation of
3 and the experimental heats of formation of NF,*, 275 kcal

moi~i, H,0, -57.8 keal mol' ’ and HF, —65 kcal mol-i. The

Alatniomad oo PR P |

Vi ii.u‘i, -126.7 Mau uxux i, can o€ comparca 'vn‘ih i
enthalpy change obtained on purely theoretical grou ds From

the GAUSSIAN-1 total energies of NF,*, -253.585
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—111.7 keal mol!, matches the experimental value, —112.1 keal
rnol" thus provxdmg further, mdependent ev1dence for the
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previousiy discussed energy differences, theoretical heats of
formation of 225.7 and 218.8 kcal mol-! can be obtained for ions
1a and 2, respectively. The isomerization channels of the
O-protonated and N-protonated (ONF)H* ions into the more
stabie ion 3 have been also investigated. Isomerization of 1a into
3, throughion 1b, occurs via the four-centered transition structure
TE? Thic cnanias -mhqnln lqae ’1A o] l:f-ol mnl 1 a'lvu-m. 11- Anccascas

AaFE:  iiais vr'v.-w LRE= 3 9 y PoTs woT i

a single imaginary frequency, —1843.7 cm™!, associated with the
in-plane motion of the hydrogen atom. From Figure 4, and
consistent with the high value of the computed energy barrier,

significant differences in the computed geometries of 2 and TS2
are observed. A still larger activation barrier, 33.4 kcal mol-!,
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structure TS4. Alsoin this case, thc s1ngle 1mag1nary frequency,
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wmmt anmile: dmbrmanmernniihisa FARTENVITS: nnceaes A mndiafanda=ss
ol Casily InSrconveriion \Unl jri iSOmMSrs. A satisiaciory

rationalization of the expenmental ﬁndmgs is prov1ded by the
theoretically calculated potential energy diagram depicted in

@

bond cleavage, occurring without a significant energy barrier. As
there is no reverse activation energy and the energy released from
reaction (2) is small, a metastable ion peak withlow KER results,
as shown in Figure 2B.

A structuraliy different population of (ONF)H7 ions is obtained
from the reaction sequence (la—¢), which can be reasonably
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ICR experiments. In fact the observed proton transfer from
HO-NF*1to H,0 (PA = 166.5 kcal mol1) can easily be explained
in terms of the calculated proton affinity of the oxygen atom of
ONPF, as low as 116.1 kcal mol-!. On the contrary, on the basis
of the computed proton affinity of the fluorine atom of ONF,
186.2 kcal mol“, proton transfer from ON-FH* to H,O would
be predicted to be thermochemically forbidden.

Finally, the narrow component of Figure 2ZA, centered at m/z

= 30, can be ascribed to the metastable dp.nnmnneiﬁnn of ions
3 formed from the isomerization of HONF™ ions and stabiiized
by collisional deactivation in the ion source. As a plausible
explanation, the isomerization can be envisaged to take place in
the ion—-moiecuie compiex formed by HONF* with NF;, whose
PA, 136.9 kcal mol1,%* happens io be iniermediate beiween the
PAs of the oxygen and fluorine atoms of ONF.

Conciusions

The joint appiication of experimental and theoretical methods
provides convincing evidence for the existence of both fluorine-

y
bamers whlch prevent their facile interconversion as well as

lsomenzatzon to the nitrogen-protonated i isomer, whose formation
p T_zl_l_s St“ij; T he olnhal n imum cor gsp@mjs
& -

HUN F*,is less stable by 70.1 keal mol' . wnereas isomer 3 has
a low-encrgy QISSOCIE.IIOH cnannel o 1‘ U? anu nr lSOInCl' i lS
trapped in a deep potentlal well, which prevents both rapid

lsomenzanon and CliSSOCIB.ﬂOl'I lDlS pecuhar feature 01’ the

gIVCS rise l‘.O anarrow peak Wlth a smau ﬁ;l (rxgure 2B), whereas

268 eV, CAD gneo.

disssociation of 1 is assoc:ated with a dxsim -topped peak (Figure
2

from MIM: spectromctry, as well as 1tn the theoretical
description of the system.
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