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Direct Observation of the Forbidden Hydrogen Atom Adduct to Acetonitrile: A
Neutralization—Reionization Mass Spectrometric and CCSD(T) ab Initio/RRKM Study
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Collisional neutralization of protonated acetonitrig" generatesK)- and @)-1-azapropen-2-yl radicals,
CH;—C=N-—H, (3 and4, respectively) that represent the kinetically and thermodynamically forbidden adducts
of hydrogen atoms to acetonitrile. Radic@sand 4 are formed with an excess of internal energy due to
Franck-Condon effects and rapidly dissociate by loss of the imine hydrogen atom, a methyl hydrogen, and
by CH;---C=N—H bond cleavage. The branching ratios for the loss of the imine hydrogen (H or D) and
methyl group (CH or CDs) were determined for CH-C=N—H, CD;—C*=N—H, CH;—C=N-D, and
CDs—C=N—D as 70/30, 66/34, 43/57, and 61/39, respectively. Ab initio calculations with coupled clusters
with single, double, and perturbative triple excitations/aug-cc-pVTZ predict the loss of the imine hydrogen
from 4 to have the lowest transition-state energy. The calculated branching ratios that were based-on Rice
RamspergerKasset-Marcus (RRKM) unimolecular rate constants agreed with the mass spectrometric data
within experimental accuracy. However, the loss of the methyl hydrogen is predicted by RRKM to be
incompetitive <0.1%) on the ground doublet electronic state8 @ind4. The observed fraction~10%) is
presumed to occur from an excited electronic state.

Introduction SCHEME 1

Additions of small atomic and molecular radicals to unsatur- H\
ated and aromatic compounds are important in several natural /C=N
and industrial processes where they can result in hydrogenation, H,C
halogenation, oxidation, or alkyl group addition. In particular, 2
radical intermediates of acetonitril@)(have been implicated |, ~__~—y H®
in connection with its thermolysis,radiolysis?? catalytic : .
hydrogenatiorf,and amine dehydrogentatiéras well as ter- 1 A H
restriaf” and planetary atmospheric chemistigecently, Wang C=N C—N
and co-workershave studied by Gaussian 3 ab initio calcula- H3C/ Hgo/ \H
tions the potential-energy surface for the addition of hydrogen
atom tol and identified the 1-azapropen-1-yl radic2) és the cHe 3 4
kinetically favored product (Scheme 1). These calculations /
agreed with the results of an earlier experimental stubigt _ A
used electron paramagnetic resonance (EPR) spectroscopy to N
identify 2 as a transient intermediate of radiolysis bfThe 5

computed relative energies were also used by Bondybey and ) . o . .
co-workers to assign structure to an H atom adduct produced The previous studies have indicated that radical intermediates

by the reaction ofL with hydrated electrons in nanodropléfs. 3 and4 are disfavored both kin_etically and thermod_ynamically,
Interestingly however, the isomeri€) and ¢)-1-azapropen- and thus represent a challenging goal for an experimental study
2-yl radicals 8 and 4, respectively) were found to be both aimed at their generation and characterization. We now report
thermodynamically and kinetically disfavored compare®@to & direct prep_aratipn and characterization of transient 1l-azapro-
Radicals3 and 4 are relevant as potential intermediates of P€n-2-yl radicals in the gas phase. The synthetic rougestod
another important reaction, i.e., the addition of methyl and higher 4 1S guided by the idea that the inherent reactivity of these
alkyl radicals to isocyanic acids( Scheme 1). This reaction radicals is caused by an unfavorable electron distribution due

has been suspected to be responsible for the depletisrirof to the presence of an unpaired electron at the imine carbon atom.

the interplanetary space and in the atmosphere of the Saturnian’ Nerefore, it can be expected that removing the electron would

moon Titan® However, Petrie has recently reported complete result in an inherently stable cati@t. Previous calculations

basis set (CBS)-RAD calculations that showed that the methyl 2d gas-phase ion studies confirm that@oris a stg?bllg species
addition proceeds with an activation barrier that would render thatis readily formed by gas-phase protonatiod.&f**Cation
the reaction extremely slow at low temperatufes. 6% can be converted to radicalsor 4 by collisional electron

transfer from a suitable atomic or molecular donor. This is
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Fax: (206) 685-3478. E-mail: turecek@chem.washington.edu. (182 000 ms?) and discharging the ion by a glancing collision
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with dimethyl disulfide (DMDS, Scheme 2). The collision
kinematics mandates that the electron transfer between DMD

Chen et al.

volatility, acetonitrile was immersed in an iegvater bath
throughout each experimental period in order to keep the partial
pressure stable. GHCD,4, CH;OH, and CROD were used as

Cl reagent gases at pressures2® x 104 Torr as read on

an ionization gauge located at the diffusion pump intake. The
ions were extracted from the source, transmitted through a radio-
frequency-only quadrupole filter, accelerated to 7250 eV by a
special lens, and focused on a collision cell floated-&i70

V, where DMDS vapor was admitted at pressures such as to
achieve 70% transmission of the ion beam. Residual ions and
neutrals were allowed to drift to a four-segment conduit
maintained at+250 V that reflected the ions while allowing
the neutrals to pass through. Neutrals were reionized by
collisions with oxygen at pressures allowing 70% beam
transmittance. The ions formed were decelerated te8keV,
energy filtered, and analyzed by a quadrupole mass filter that
was operated at unit mass resolution. The instrument was tuned

Sdaily to match the reference NR mass spectrum 0%.CS

and6* occur within 3x 10-15's, which is less than the period Typically, 100 repetitive scans were accumulated per spectrum

of any of the molecular vibrations i, so that the resulting
radical is formed with the geometry of the precursor ion. The

radicals are probably formed in a mixture of geometrical isomers
(3/4) that are observed on a microsecond time scale when
dissociations occur. Surviving radicals and dissociation products

are identified following nonspecific collisional reionization and
mass analysis. This neutralizatiereionization (NR) mass
spectrometric methdél has been used extensively for the

at a 1 mass unit/s scan rate, corresponding to 200 data points
per peak. Variable-time NR mass spectra were measured as
described previoush£ only —7 kV was used instead of8

kV to match up the acceleration voltage supplied. Repetitive
scans (300) were accumulated per a variable-time NR mass
spectrum.

Calculations. Standard ab initio and density functional theory
calculations were performed using the Gaussian 98 suite of

generation of a number of elusive neutral species, molecules,programs® Geometries were optimized with Becke’s hybrid

radicals, carbenes, biradicals, etc., as revieWézhtope labeling

functional (B3LYP¥! and the 6-31%+4G(2d,p) basis set. Spin-

in 6a*—6d" is used to determine the dissociation mechanisms unrestricted calculations (UB3LYP, UMP2, UQCISD(T), and

in the radicals formed therefrom.

® ®
HsC—C=N—D D;C—C=N—H
6a* 6b*
®
H;C—C="N—H D;,c—C=N—D
6c* 6d*

The experimental results are complemented by ab initio
calculations at high levels of theory that provide reaction and
transition-state energies f& and 4 that are further used for
Rice—RamspergerKasset-Marcus (RRKM}6 calculations of
rate constants to obtain branching ratios.

Experimental Section

Materials. Acetonitrile and DMDS (both reagent grade) were
purchased from Sigma-Aldrich and used as receivedsGDD
CD30D (99% D), and CHC™N (99%!*N) were all purchased
from Cambridge Isotope Laboratories. £{99.99% pure) and
CD4 (99% D) were purchased from Matheson.

UCCSD(T)) were used for open-shell systems. In the UB3LYP
calculations[$?[bperator expectation values ranged from 0.751
to 0.767 and 0.764 to 0.766 for local minima and transition
states, respectively. Contamination by higher spin states in
UMP2 calculations was treated by a standard annihilation
procedure?? The energy corrections upon spin annihilation in
the effective QCISD(T)/6-31t+G(3df,2p) energies were0.5
millihartree (1.3 kJ mol') and 0.24 millihartree root-mean-
square deviation for the entire set, with the exception o§-CH
CN*, where the correction was 22 millihartree. Optimized
structures were characterized by harmonic frequencies as local
minima (all real frequencies) and saddle points (one imaginary
frequency). The optimized geometries are available as Support-
ing Information. Improved energies were obtained by single-
point calculations using the Gaussian 2 (MP2)nd Gaussian
224 schemes. Another set of QCISD(T) energies were obtained
in a fashion that is analogous to G2 (MP2) by expanding the
basis set from 6-311G(d,p) to 6-3t1G(3df,2p) through spin-
projected PMP2/6-31+G(3df,2p) single-point calculations.
This expansion corresponds to effective QCISD(T)/6-81G-
(3df,2p) calculations. On our highest level of theory, single-
point coupled-cluster calculatioftswith single, double, and
perturbational triple excitations of valence electrons (CCSD-

Methods. NR mass spectra were measured on a tandem (T)%® were carried out with Dunning’s correlation-consistent

quadrupole acceleratierdeceleration mass spectrometer de-
scribed previously’ lons were prepared in an electron impact
or a chemical ionization ion souré&.The source conditions
were as follows: emission current, 5@ for EI and 1 mA

for the chemical ionization (Cl); the electron energy was tuned
for the best signal but typically was 70 eV for the EI source
and 100 eV for the Cl source; the source temperature was 200
220 °C. Acetonitrile was degassed by several freegemp—

basis set of a triplé- quality equipped with polarization and
diffuse functions on all atoms, CCSD(T)/aug-cc-pVaZran-
sition-state geometries were obtained by mapping the relevant
parts of the potential-energy surface with B3LYP/6-311G-
(2d,p) calculations in which one internal coordinate was chosen
as a reaction coordinate and was varied stepwise, while the other
internal coordinates were fully optimized. Single-point energies
were calculated by effective QCISD(T)/6-3t+G(3df,2p) at

thaw cycles and introduced into the ion source from a glass all points along the reaction path, and the refined potential-

liquid probe at room temperature. However, due to the high

energy surface was fitted with a 4th-order polynomial to locate
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TABLE 1: lon Relative Energies
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relative energsyP

Reaction B3LYP G2(MP2) CCSD(T)
CHsC=N—H (67) — CHsCN (1) + H* 782 (7879 777 (782Y 777 (7829
CH,=C=NH;" (7+) — CH,=C=NH (8) + H* 825 823 824
CHsN=C—H" (9") — CHsNC + H* 830 (8369 830 (836Y
6" — 7+ 52 (51} 69 (69} 67 (67)
6" — 9 51 (51} 44 (44y
6 —TS— 7+ 525 521
1+ 1" — 6" + CH,CN' 226 —254 —235
6" + CHsCN — CHsC=NCHs (10") + C=N—H 49 (42y 46 (38Y
9" 4+ CHsCN — CHsC=NCH; (10*) + H—CN —58 (—56) —54 (-52y
67— 1 + H* 608 645 631
6" — 8 + H° 404 413
CHsCN-++-H*...NCCH; — CH;=C=NH,...H*...NCCH; 87 101

2In units of kJ mof?. ® At 0 K, including B3LYP/6-313+G(2d,p) zero-point correctionsFrom single-point calculations with the aug-cc-

pVTZ basis setd Proton affinities and relative enthalpies at 298 K.

the saddle-point geometry. Single-point CCSD(T)/aug-cc-pVTZ
calculations were then used to obtain potential energies in
transition states that were corrected for zero-point vibrational
contributions.

Excited-state energies were calculated using time-dependent
density functional theoA} with B3LYP/6-31H-+G(2d,p). The a
(®A'") A state in3 was optimized by MP2/6-3H-+G(2d,p).
The initial guess for the wave function in tRA" state was 14
obtained by promoting an electron from thexdingly occupied
orbital (104) to a virtual orbital of A' symmetry (64) that was
found by configuration interaction singles (C#8alculations

26
27

41

40

L‘Kz

to have the largest element in the Cl matrix. Attempts at CIS/ !

6-311++G(2d,p) geometry optimizations of excited state8 in

were unsuccessful as the calculations oscillated between dif-

ferent roots of the CIS matrix and did not achieve convergence.
RRKM calculations were performed using Hase’s progfam

that was recompiled for Windows NF. Unimolecular rate

constants were obtained by a direct count of quantum states at b

internal energies that were increased in 2-kJTtheteps from 14

the transition state up to 350 kJ mblabove the reactant.

Rotations were treated adiabatically, and the calcul(&d,K) 22 14

rate constants were Boltzmann averaged over the thermal

distribution of rotational states at 473 K, corresponding to the

ion-source temperature.

20 mwz
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40
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Results and Discussion

lon Preparation and DissociationsNR mass spectrometric
studies of transient neutral intermediates rely on an unambiguous
preparation of gas-phase ion precursors of well-defined struc-
tures?® A straightforward route to io" is by protonation of c
acetonitrile () using a gas-phase acid (BpHsuch that the proton
affinity of its conjugate base (B) is lower than the proton affinity
of 1 (779 kJ mot1)32-34to make the proton transfer exothermic. 12
In this study, we used CJDH,", CHs™, and CHCN* as gas- 13|15
phase acids in chemical ionization (Gt¢lenoted as Ck¥DH—
Cl, CH4—Cl, and self-Cl, according to eqs-B3334

14

20 m/z
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CH,CN + CH,OH," — 10
CH,C=N—H" + CH;OH AH,,, 556= —25 kI mol * (1)
CH,CN+ CH;" —
CHy,C=N—H" + CH,AH,y, ,0s= —236 kJ mol* (2)
CH,CN 4+ CH,CN"™" —
CHyC=N—H" + "CH,CNAH,,, ,0s= —247 kJ mol™* (3)

T
20 m/z

30

T
40

Figure 1. Neutralization (CHSSCH, 70% transmittance)/reionization
(02, 70% transmittance) mass spectraboffrom (a) CHOH Cl, (b)
CH, ClI, and (c) self-Cl.

Protonation with CHOH," is only mildly exothermic. If we
assume that the reaction enthalpy in eq 1 is partitioned between
CH30H (CV’473: 41 J mot? Kil) and6™ (CV,473: 61 J mot?

K~1) according to their rovibrational heat capaciti€, 473,
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Figure 2. Neutralization (CHSSCH, 70% transmittance)/reionization §0r0% transmittance) mass spectra of@ay, (b) 6b*, (c) 6¢", and (d)
6d". The precursor ions were prepared by 40D CI (a and d) and CkDH CI (b and c).

ion 6" receives 15 kJ mol, so that its mean internal energy
can be estimated & = Hs75(1) + 15 = 27 kJ mot1, which
only slightly exceeds the thermal valueyzz (67) = 16 kJ

not due to contamination by isotopes from residaat is
confirmed by the NR mass spectrum of §3+ND (6a") that
shows a peak atvz 43. To minimize isotope contamination,

mol~?, at the same ion-source temperature (473 K). Energy we carried out gas-phase protonations under conditions that

equilibration can be aided by the formation of a stable proton-
bound complex ofl and methanolb In contrast, protonations
with CHs* and CHCN** are substantially exothermic and can
be expected to produce hypertherréé) despite partial energy
dissipation by several tens of collisions with neutral molecules
that the ion undergoes during its residence time in the ion
source'® Importantly howeverg" is the lowest-energy structure
among the @HsN* isomerg” and the only one accessible
directly by protonation ofl. Table 1 energies show that the
second most stable,BsN* isomer with the GC—N frame
(77) is 67 kJ mot! less stable thaB* and would be negligibly
populated in the gas-phase equilibrium at 473 K. Unimolecular
isomerizatior6™ — 7" requires a prohibitively high transition-
state energy (521 kJ md). Furthermore, a proton-bound
complex of 7™ with 1 is 101 kJ mot? less stable than a complex
of 6%, indicating that formatiorv* is not facilitated in ion-

molecule complexes. Note also that protonation at the middle

carbon atom irl, which would correspond to an ionized form

secured high $¥95%) conversions to achieve J@4sN*)/
[C.H3NT] ratios greater than 20. Because of the presence of
stable3C and®N isotopes inl** at their natural abundance,
the contribution of combined{C + °N) satellites of GH3N*"
was (1/20)x (2.2 + 0.37)= 0.13% atm/z 42 in 6, but only
(1/20) x (0.0121+ 0.020)= 0.0016% am/z 43 in6at’. Thus,
if most of the survivor ion aim/z 42 from 6" were due to
isotopic contamination, no survivor ion would have been
detected atm/z 43 from 6a*, contrary to observations. The
relative abundance of survivor ions was found to depend on
the precursor-ion internal energy, dissociation time, and isotope
content. For example, whereas the NR mass spectd, &at,
6b™, and 6¢c" showed survivor ions of comparable relative
intensities, the spectrum of GO=ND" (6d") showed a
negligibly small peak at/z 46 due to a survivor ion. The other
effects are discussed later in the paper.

The NR mass spectra are dominated by dissociation products
belonging to three groups. Tha/z 38—41 group arises from

of 2, does not form a stable structure. Hence, the energy datareionization ofl and its CH=C=NH isomer @) followed by

suggest that the desired ison@ris the only GH;N™ species
produced by protonation df.38

Formation and Dissociations of Radicals 3 and 4Colli-
sional neutralization 06 followed by reionization of neutral

their ion dissociations. This assignment is supported by deute-
rium labeling that shows loss of D (major) and H (minor) from
CH3C=ND (3a/49, produced by neutralization of labeled ion
6at (Figure 2a), and also by complementary losses of H (major)

intermediates produced the mass spectra shown in Figure 1.and D (minor) from CRC=NH (3b/4b), produced by neutral-

Since we cannot distinguish experimentally the geometrical
isomers3 and 4, these are referred to &4 throughout this
section. The spectra show a minor peak of a survivor ion at
m/z 42 that corresponds to reionization obHGN radicals,
presumably3/4. That a fraction of3/4 is indeed observed and

ization of ion6b™ (Figure 2b). The second groupratz 24—28
consists of G, C,H, and partially overlapping £y (x = 2—4)
and CNH (x = 0—2) fragments. The overlaps atz 26—28
were deconvoluted by deuterium alll labeling. In particular,
the NR mass spectrum of GB=*NH™ (6¢*, Figure 2c¢) shows
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shifts ofm/z26— m/z27,m/z 27 — m/z 28, andm/z 28 — m/z 26
29, indicating that the majority of these fragments contain
nitrogen and correspond to CNHLikewise, the NR mass
spectrum of CRC=NH" (6b™, Figure 2b) shows CN and CNH
atm/z 26 and 27, whereas the hydrocarbon fragments are shifted
to m/z 28 and 30 for GD, and GDs, respectively. Finally, the 40
group atm/z 12—15 corresponds to C, CH, and partially Q 15
overlapping peaks of CHx = 2,3) and NH (x = 0,1). The 27 42
presence of NH is confirmed by the peaksréz 16 in the NR
mass spectra @da" (ND) and6c™ (*°NH), and by the peak at
m/z 15 (NH) from6b™. The product analysis indicates that loss 16

of H and CH are the main dissociations of radicad#l, as
summarized in Scheme 3. 43

I I T
SCHEME 3 20 miz 30 40

CHg + H- N-C

28 41

14 28

trans cis
ke-c ke-c 41
26
CIS
b

15

TS —» CH3CN + H’

1
k 1 1 > 42
t cis
kéa"fz Kirec 16

43
CHp=C=NH + H*

e LI A R A B A

20 miz 30 40

Effects of Precursor lon Energy and Neutral Dissociation ) - . o
. - . Figure 3. Neutralization (CHSSCH, 70% transmittance)/reionization
Time. We further investigated the effects on the NR mass (O», 70% transmittance) mass spectrabaf prepared at high (a, 1.2

spectra of the internal energy 8t and its isotopomers. lons  J"10-4 Torr) and low (b, 8.5x 10°5 Torr) CD, pressure in the ion

6" prepared by exothermic protonations in €l (Figure 1b) source.

and self-Cl (Figure 1c) (egs 2 and 3) showed more extensive

dissociations in the corresponding NR mass spectra comparedspectrum shown in Figure 5a. The electron transfer between
to those formed by C§OH CI (Figure 1a). In particular, the  1** and DMDS is highly exothermic, judged from the difference
relative abundance of tH&4 survivor peak was highest in the in the ionization energie\IE = 12.2-8.1= 4.1 eV333and

NR mass spectrum @& from CH;OH CI. Similar effects were can be expected to form a fraction dfin excited electronic

observed for6at, where the NR mass spectrum @d" from and vibrational states. In contrast, neutralization with Xe is
CD3OD CI shows a more abundant survivor peakmiz 43 nearly thermoneutralAIE = 12.20-12.13= 0.07 eV%?and is
than does the spectrum of the ion from £OI (Figure 3a). expected to form less energeticin which some vibrational

However, an increase in the survivor ion relative intensity was excitation can be due to FranekCondon effectd? The NR mass
also observed when idda" was generated by CCI at a lower spectrum of thus prepareld™ (Figure 5b) shows substantially
ion-source pressure (Figure 3b). Under “low pressure” Cl, ion less fragmentation than does the spectrum in Figure 5a. We
6a" undergoes fewer collisions and is expected to retain a largerconsider neutral molecules dfthat were generated under parts
portion of the internal energy acquired by exothermic proton a and b of Figure 5 conditions to represent two extreme cases
transfer (eq 2). of hot and cold acetonitrile. Thus, the NR fragmentationg of
We have also studied the temporal dependence of the producof unknown internal energy, as produced by H loss fréfi
ion relative intensities in the NR mass spectréaf produced can be represented as a linear combination of the spectra in
by CD;OD CI (Figure 4). The variable-time NR mass spectra parts a and b of Figure 5. The normalized NR ion intensities
show changes mainly in then[z40]/[m/z 41] abundance ratios  from the spectra in parts a and b of Figure 5 were mixed and
that decrease as the neutral dissociation times are increased frorsubtracted from the normalized ion intensities in the NR mass
0.3 to 3.3us. Since in these measurements the ion dissociation spectra of6™, so as to annihilate withia-0.6% the peaks at
times are shortened by the same amountq8 more dissocia-  m/z38—41, which mainly correspond to reioniz&dA similar
tion at longer ion drift times indicates that the consecutive losses procedure was used for assessing the contribution of deuterium-
of H atoms are due to ion dissociations occurring after reioni- labeled acetonitrile formations froa®, 6b™, and6d™. The
zation. It is also noteworthy that the relative intensity of the ion intensities in the difference spectra, MR(— NR(1**), were
survivor ion did not increase at short neutral dissociation times. assigned to being due to Gknd H-N=C and likewise for
Characterization of Dissociation Products.To quantify the the corresponding labeled isotopomers. Becaus&HC (5)
dissociations of3/4 and obtain experimental branching ratios, and D—N=C are unstable molecules, we were unable to obtain
we measured reference NR mass spectra of some of thetheir reference NR mass spectra. An NR mass spectrum of DCN
products. Acetonitrilel) is a stable molecule whose NR mass was obtained and showed mainly the survivor ionmét 28
spectra were measured under two different conditions. First, ion and minor fragments @tz 26 (CN) and 14 (N+ DC). A C;H3N
1" was neutralized by collisions with DMDS to give the isomer, presumably C#=C=NH (8), which is formed by loss
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Figure 4. Variable-time NR mass spectranfz 36—44 region) of6at. The neutral dissociation times were (a) @8 (b) 0.9us, (c) 1.6us, and
(d) 3.3us.

TABLE 2: Experimental Branching Ratios for Losses of dissociations and isomerizations. These calculations were in part
(H,D) and (CH;,CDs) from 3/4—3d/4d guided by the previous work of Wang et%nd Petrié! that
loss of (H,D) loss of included several relevant geometries that were optimized at
reactant from N—(H,D) (CH;,CDs) comparable levels of theory. The computational results are
CH3C=N—H (3/4) 70 30 therefore discussed only briefly here. The energies calculated
CH3C=N—D (3a/49 43 57 at the CCSD(T)/aug-cc-pVTZ level of theory are discussed in
CDsC=N—H (3b/4b) 66 34 the text; those from the other levels of theory are summarized
CDsC=N—D (3d/4d) 61 39 in Table 3.
2 For precursor ions by methanol CI. The dissociation of the NH bond reaches a transition state

(TS2, Ers2 = 83 kJ molh) that has a cis arrangement of the
departing H atom and the methyl group. In contrast, a transoid
geometry is not a true transition sta&d that the loss of the
imine hydrogen i3 must proceed through isomerization4o
throughTS1 at 68 kJ mol! above3. Figure 6 shows thakS2

is reasonably well represented on the B3LYP potential-energy
surface atd(N—H) = 1.621 A. The effective QCISD(T)/6-

of a methyl H from3/4, is another unstable molecule for which
we did not have a reference NR mass spectrum. From the
difference NR mass spectra 6& and 6b, we estimate the
formation of8 at <10% of 1.

The integrated NR ion intensities corresponding snd (CH
+ H—N=C) were further scaled by their ionization cross
sections which were estimated from the Fitcdauter scheme )
for electron ionizatiort: The scaled total ion intensities were S+ +G(3df,2p) and CCSD(T) potential-energy surfaces along
used to estimate the branching ratios for the loss of H ang cH (e reaction path are very similar to each other, wit82

from 3/4 (Table 2). The experimental data show a 70/30 ©Occurring at a somewhat shorter separatiff—H) = 1.533
branching ratio for the loss of H and GHrom 3/4. Primary A. It may be noted that the B3LYP potential-energy surface

isotope effects lower the branching ratio to 43/57 for the loss r_ather severely underesti_mate_s the activation energy for the addi-

of D and CH; from 3a/4a, while secondary isotope effects are  tion of H to 1 by overestimating the energy for GEN + H.

small and result in branching ratios equal to 66/34 for the loss More significant differences were obtained for potential-

of H and CI} from 3b/4b, and 61/39 for the loss of D and GD energy surfaces for the-C bond cleavages iBand4 (Figure

from 3d/4d. The data indicate that loss of H is slightly favored 7). These show distinct transition states 8and4, TS3 and

from 3/4, but loss of CH is competitive under NR experimental  TS4, respectively. The B3LYP potential-energy surface for the

conditions. dissociation of3 has TS3 at a 2.33 A C-C separation, as
Radical Dissociation and Transition State EnergiesTo confirmed by frequency analysis. However, atC separations

interpret the experimental data, we carried out ab initio pastTS3, the B3LYP potential-energy surface ®tevelops a

calculations of radicals8, 4, and transition states for their  discontinuity and collapses to the underlying surface for the
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Figure 5. Neutralization (70% transmittance)/reionization,(@0%
transmittance) mass spectralf. The neutralization gases were (a)
CHsSSCH and (b) Xe.

C—C bond dissociation id which has a lower transition state
at about the same -€C separation 1S4, 2.34 A). These
difficulties are absent in potential-energy mapping by effective
QCISD(T) or CCSD(T) that both show well-defined transition
states atl(C—C) = 2.263 A (TS3, Ersz = 140 kJ mot?) and
2.245 [TS4, Ersq = 117 kJ mot?). The CCSD(T) activation
energy for a CH addition to H-N=C is 35 kJ mot1.

TABLE 3: Relative Energies for Neutral Molecules and Radicals
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Figure 6. Potential-energy surfaces along the pathway feiNbond
dissociation in4. The energies are not corrected for zero-point
contributions.

The B3LYP potential-energy surface for the—& bond
dissociation ir8 shows a continuously increasing energy profile
to the products8 + H (Figure 8). However, this is disproved
by the effective QCISD(T)/6-3Ht+G(3df,2p) potential-energy
surface which has a well-defined transition statg8%) atd(H—

C) = 1.951 A, in line with single-point CCSD(T) calculations
(Etss = 191 kJ motfl, Table 3). The high-level calculations
thus indicate a 13-kJ mot activation energy for the H atom
addition to8. The H-C bond dissociation id throughTS6 is
analogous to the same dissociatiorBgFigure S2, Supporting
Information). The transition statd $6) was found at 1.905 A
on the effective QCISD(T)/6-311+G(3df,2p) potential-energy
surface, and its CCSD(H- ZPVE energy wagrsg = 173 kJ
mol~! above4 (193 kJ mof?! above3).

Franck—Condon Effects.Another important feature that is
pertinent to NR mass spectra is the internal energy that the
radicals receive upon collisional electron transfer. For endot-
hermic collisions at keV kinetic energies, the internal energy
of the transient neutral species consists of the precursor ion

relative energyP®

B3LYP/- QCISD(T)/- CCSD(T)/-

reaction 6-311+G(2d,p) 6-311++G(3df,2p¥ G2(MP2) G2 aug-cc-pvTZ ref 11 ref9
3—4 18 20 20 19 20 19 19
3—TS1(4) 65 67 68 67 68
3— CH:CN+ H* 82 59 59 60 63 61 55
4—TS2(B3LYP) 84 80 81 81 80 78 95
4— TS2(QCISD(T)y 84 84 84 83
3— CHg+ H—N=C 111 99 101 106 102
3— TS3(B3LYP) 140 138 137
3— TS3(QCISD(T)¥ 138 143 143 145 140
4— TS4(B3LYP) 120 116 115 117 118
4— TS4(QCISD(T)¥ 119 119 119 121 117
3— 8 (CH;=C=NH) + H* 177 174 178
3— TS5 177 190 191
4—TS6 159 173 173
3— CHgz + HCN 55 44 44
CHsCN— CH,CN* + H* 382 (388Y 393 (3999 393 391 397 (403)
CH;CN — CH,=C=NH 95 115 115

a|n units of kJ mot™. ?Including B3LYP/6-31%+G(2d,p) zero-point corrections and referring to 0°Kffective single-point energies:
E[QCISD(T)/6-31H+G(3df,2p)]~ E[QCISD(T)/6-311G(d,p)}- E[PMP2/6-311-+G(3df,2p)]— E[PMP2/6-311G(d,p)]¢ Transition states optimized
with B3LYP/6-311-+G(2d,p). Transition states from fitting the effective QCISD(T)/6-31:£G(3df,2p) potential-energy surfacéSame as the

product threshold energy Dissociation energies at 298 K.
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TABLE 4: lonization and Recombination Energiest
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Figure 9. B3LYP/6-31H-+G(2d,p)-optimized structures. Bond lengths
are in angstroms; bond angles are in degrees.

internal energy o), the electronic excitationBexg), and the
excitation due to FranckCondon effectsErc). The latter was
calculated as 217 and 196 kJ mbfor the formation of3 and

4, respectively. The source of the lar§ec is the difference
between the equilibrium geometry 6f, which has a linear
C—C—N—H frame, and those @ and4 that are bent (Figure
9). Substantial differences are also in the-lC bond lengths
that contribute tdcc. Table 4 shows that the combined internal
energy,E = Eion + Erc < 27 + 217 = 244 kJ mot?, exceeds
the transition-state energies for-C, N—H, and H-C bond
dissociations and can provide the driving force for unimolecular
decompositions 08 and4. This explains the very small fraction
of survivor 3/4 in the NR mass spectra.

The effect on the radical internal energy of vibrational
excitation in6" was investigated for the NH bending moag, (
549 cntl). The potential-energy surface for this bending,
calculated by B3LYP/6-31t+G(2d,p), showed a harmonic
behavior up tay = 7 (Supporting Information, Figure S1). The
latter vibrational level corresponded to 45 kJ mogxcitation
in 6 and a 125 C—N—H angle. Vertical neutralization @"
from they = 0—7 vibrational states of the; mode resulted in
diminishing Franck-Condon energy in th& radical formed
(Figure 10, top panel), reachirgc = 110 kJ mot? from v =
7. Sincee; is a low-frequency mode, it can be expected to be
significantly populated inv > 0 states in hyperthermd.
Applying Dunbar’s formuld? we calculate the distribution of
vibrational states of the, mode as shown in the bottom panel
of Figure 10 for effective vibrational temperatures corresponding
to 27 and 58 kJ mott internal energy ir6™. The calculations
indicate that vertical neutralization of hypertherngal should
result in a wide range of excitation energies (3207 kJ mot?)
in 3 and4 due to Franck Condon factors.

RRKM Kinetics. The calculated transition-state energies
were further used to calculate unimolecular rate constants for
isomerizations and dissociations®&nd4. The kinetic scheme

B3LYP/- QCISD(T)/- CCSD(T)/-
reaction 6-31H-+G(2d,p) 6-311++G(3df,2pP G2(MP2) G2 aug-cc-pvVTZ exp
3—3"
|Eadiab 6.41 6.16 6.21
[Evert 8.18 7.75
REven 3.88 3.94
4—4*
|Eadiab 6.23 5.96 6.01
IEvert 8.23 7.87
1— 1.+
|Eadiab 11.87 12.25 12.25 11.15 12.10 12.20

2|n units of eV.? Effective single-point energies, see footnats Table 3.¢ From ref 33.
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we used takes into account reversible isomerizatiod arfid 4
through TS1 and dissociations by loss of H and;G8cheme

3). Isomerization of3 to the more stable radica® must
overcome a substantial barrier (153 kJ mip#t and was
therefore considered kinetically unimportant. Laplace trans-
forms*® and integration of the rate equations that describe
Scheme 3 leads to eqs—8 for the time-dependent product
formations, wher@y—-n, cc—c, andcy—c are the concentrations
of 1, HNC, and8, respectivelyc;.,,, and c; are the initial
concentrations 08 and4, respectivelyt is the dissociation time,
and the parametes b, ka, andkg are defined by eqs-710

k([ijiiHCZiS at bt:
KR (Ciska T Chrank_1) il e_m _b-a (4)
a—b a b ab
kcii .+ Kirans o
con[ S
kgic(c?:iskA + C?rané(l) + kg"i”g(c;an& + C%iskil) X
a—b
eat ebt b—a
" b 5)
KSCS st KEE Y
Ch—c™ ”Z‘S_ b = [e" — ebt] +
K (Chanks + Chk o) + KEZclClkn & Clanks)
a—>b
eat ebt b—a
a b ) ®
a+b=—(k, +ky) (7)
ab= kykg — kk_; (8)
ke =y KIS o Kens ®)

The branching ratios/=c depend on the reactant internal energy
and also on the fraction o8 and 4 initially produced by
neutralization o6". The branching ratios that were calculated
for t = 3.3 us andcgis® = Cyans = 0.5 are plotted in Figure 11.
The plot shows a rapid disappearance3cénd 4 at internal
energies greater thaBrs,. The 1 forming loss of H from4
dominates at excitationg < 200 kJ mot! where there is a
crossing point with the €C bond dissociations i and4 that
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Figure 10. Top panel: FranckCondon energies i produced by
vertical neutralization ob = 0—8 vibrational states of the, bending
mode (549 cm?) in 6*. Bottom panel: Distributions of the = 0—10
states in hypertherma*.

11

even at excitations exceeding 300 kJ moFigure 11). The
branching ratios for dissociations of the deuterium-labeled
radicals3a, 3b, 3d, 4a, 4b, and4d are given as Figures SE5
in Supporting Information.

To make a quantitative comparison between the RRKM
calculated and NR mass spectrometric branching ratios, one has
to convolute the former with an internal energy distribution

prevail at higher internal energies. The position of the crossing function,P(E). In the past, we used the normalizZe(E) function

point depends on the initial fractions 8fand4. For example,
for ceis® = 1 andcyans = 0, the crossing point appearsk&t=
212 kJ mof . The reason for the curve crossing is 2-fold. First,
the rate constants for the<€C bond cleavages i and4 show
slightly greater slopes than that of the-dN bond cleavage in
4. This is caused in part by the significant stiffening of the!T
stretching mode iTS2 (2226 cnTl) compared ta@t (1816 cnt?)
that decreases the number of quantum statd$ia The other
reason is that at higher energies the rate constants f¢€ C
bond dissociation in bott8 and 4 become significant and
contribute to the convergent formation of#t=C and CH.
Also noteworthy is that the fraction & produced by H-C
bond dissociation i3 and4 remains negligibly small<€0.1%)

given in eq 11 that was fitted with two parametesfor onset
4(E — Ey e 2E—E)/W
W

andW for width, such that the most probable energy i&aix

= Ep + 0.5W and the distribution mean is &= Ey + W.
Convoluting function 11 with eq 4 and 5 gives a fit with the
experimental branching ratio fdf, = 102 kJ mot! andW =
65 kJ mof™? for dissociations starting from a 1:1 mixture ®f
and4. For dissociations starting frody the best-fit parameters
areEp = 102 kJ moit andW = 75 kJ moiL. The onset was
chosen at the energy of the lowest transition sti{gA 102.6

P(E) = (11)
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H), (6 + H), and (CH + H—N=C) starting from a 1:1 molar mixture
of 3 and4.

kJ mol! relative to3) to account for the very small fraction of
survivor 3/4. Figure 12. Excited electronic states B The ionization, recombination,

The kinetic fits show that the branching ratios are not very and excitation energies (kJ m#) are from TD-B3LYP/6-31%+(2d,p)
sensitive to the initial composition of tI&4 mixture. The most calculations and do not include zero-point corrections. The relative
probable internal energ¥max = Eo + 0.5W = 177-187 kJ energy of the3A") A state (154 kJ mof) is from MP2/6-311+G-
mol~%, falls within the interval predicted fd/4 on the basis of ~ (2d.p) optimization.

Franck-Condon energies for neutralization of hyperthergtal )

Given the uncertainties in the experimental branching ratios and (Figure 12). Some of these states may be metastable and thus
our neglect of tunnel effects for the loss of H, the agreement accoqnt for the small fraction 'of surviv@/4 that is observed
between the RRKM data and experiment can be consideredexperimentally. Moreover, vertically formetdand higher states
satisfactory for competing H and methyl loses. However, the @ll have energies that are above the dissociation threshold and

RRKM data do not explain the-10% fraction of H loss from TS energy for the loss of H forming (191 kJ mot*). Thus,
the methyl group ir8/4. the formation of8 is energetically possible from excited

Excited Electronic States.To account for the loss of H from ~ €lectronic states d8. More rigorous mapping of the excited-
the methyl group, one has to consider mechanisms other tharStaté potential-energy surface, e.g., by complete active-space
those included in the RRKM calculations. One possibility is calculations, would be necessary to pinpoint the local minima

dynamic effects, where the loss of the methyl H may proceed and transition states for loss of H from the methyl grou@in
nonergodically from vibrationally excite®/4 of very high and4. Such calculations are beyond the scope of the present
internal energy. Such effects have been discovered for a fewWork.
small neutra* and ionic systent8 and cannot be excluded for
3 and4, because the radicals acquire substantial internal energie
upon vertical neutralization. However, detailed dynamic calcula-  Although 1-azapropen-2-yl radicals are both kinetically and
tions for this minor dissociation channel are beyond the scope thermodynamically forbidden in thermal radical reactions of
of the present study. Another possibility that has precedents acetonitrile, they can be generated transiently by femtosecond
is dissociation of3 and 4 from excited electronic states pro- electron transfer reduction of stable protonated acetonitrile and
duced by vertical electron transfer. We have addressed thisare found to dissociate extensively. The branching ratios for
question by perturbational MglleiPlesset and time-dependent  the loss of the imine hydrogen and the methyl group are
B3LYP calculations for3, and the results are summarized in reasonably well reproduced by RRKM calculations on the
Figure 12. CCSD(T)/aug-cc-pVTZ potential-energy surface. The occur-
Vertical neutralization of6™ can form 3 in a variety of rence of H-atom loss from the methyl group in competition with
electronic states (Figure 12). The ground énd first excited the loss of the imine hydrogen is not reproduced by RRKM
state A) are vibrationally excited because of Frard€&ondon calculations and probably occurs from an excited electronic state
effects. TheA state of?A” symmetry was optimized by MP2/  that is produced by electron transfer.
6-3114+G(2d,p) and found to be 154 kJ mélabove theX
state. When formed by vertical electron transfer (at 203 kJ  Acknowledgment. Support of this research by the National
mol~1, Figure 12), theA state will have ~50 kJ mot? Science Foundation (Grants CHE-0090930 for experiments and
vibrational energy due to FranelCondon effects. Note that CHE-9808181 and CHE-0342956 for computations) is gratefully
this is much less than tHg:c in the X state (217 kJ molt) and acknowledged. The Chemistry Department Computational Fa-
a further decrease &rc can be expected for vertical formation  cility also received support from the University of Washington.
of the B, C, D, and higher excited states because their E.A.S. thanks the Alma and Lloyd West Graduate Student
equilibrium geometries are likely to resemble that of the ion Fellowship for support in the course of this work.
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