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Abstract

The unimolecular reactions of proton-bound pairs of chloroacetonitrile and a variety of alcohols (methanol, etlaaadol,
i-propanol) were studied in order to probe the impact of chloro-substitution on both the intgthed&8rangement leading
to dehydration and simple hydrogen-bond cleavage reactions. Chloro-substitution on acetonitrile does not significantly affe
the height of the highest energy isomerization barrier which governs the dehydration reaction but does reduce the relat
energy of the transition state that leads to the formation of the high energy intermedi@@iigbH - - - R - - - OHp) *. Kinetic
modeling of the unimolecular reactions with RRKM theory showed that this latter reaction is a key step in governing the
ratio of the two types of reactions observed in the Ml mass spectra even though it is not the rate-limiting step for the overe
isomerization mechanism leading to dehydration. Chloro-substitution also reduces the proton affinity of acetonitrile resultir
in the lowest energy simple-bond cleavage reaction products to be ROKCICH,CN in all cases.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction latter reaction channel involves ann&type re-

arrangement with the initial isomerization of

In three recent publicatior{8—3] mass spectrome-
try and ab initio calculations were employed to investi-
gate the unimolecular decomposition of proton-bound
pairs consisting of acetonitrile and the alcohols
methanol, ethanoh-propanoljso-propanoln-butanol,
s-butanol,iso-butanol and-butanol. Common to the
chemistry of these pairs (on the microsecond time-

scale) was the competition between simple hydrogen-

(CH3CN)(ROH)H' [R = alkyl] to an intermediate
(CH3CH---R.--OHp)T ion (via TSa) followed by
the stretching of the C-O bond in this ion to form a
thermodynamically stable isomer (GENR)(HO)™
(via TSb) Scheme 1[2-4].

The competition between dissociation and iso-
merization is a result of the similar barrier energies
for the two processes. One question which arises is

bound cleavage and dehydration reactions. The how universal such a competition will be when the

* Corresponding author. Tel#1-613-562-5800;
fax: +1-613-562-5170.
E-mail address: pmayer@science.uottawa.ca (P.M. Mayer).

monomeric units in the pair are modified by func-
tional groups. If a moiety is used that affects the
energetics of the simple-dissociation products, what
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TSa TSb
(CH,CN)(ROH)H —> (CH,CN eeeR eeeOH,)’ —(CH,CNR)(H,0)

Scheme 1.

will be the effect on the transition state leading to the and collision-induced dissociation (CID) mass spectra
S\2 isomerization products? The previous work ex- were recorded in the in the usual manner in both the
amined the methyl-substitution effects on the central second and third field-free regions (2FFR and 3FFR,
carbon in the(CH3CH.--R-.-OHy)* ion. Sequen- respectively) of the instrumeni6]. Helium collision

tial methyl substitution stabilized this ion and TSa, gas was used in all CID experiments and was intro-
but only dimethyl-substitution lowered the relative en- duced into the collision cells to achieve 10% reduc-
ergy of the rate-limiting TSK§3]. To further examine  tion in the ion flux (i.e., single collision conditions).
this aspect of the competition in nitrile—alcohol clus- All chemicals were commercially obtained and used
ters, we have studied the unimolecular decomposition without further purification.

of proton-bound pairs consisting of chloroacetonitrile

and the alcohols methanol, ethanelandi-propanol.

Detailed calculations have been included for the 3 Computational details

(CICH,CN)(CH3OH)H™ system for comparison to

the (CHsCN)(CHsOH)H™ ion. The proton affinity Standard ab initio molecular orbital calculations
(PA) of chloroacetonitrile is significantly lower than [7] were performed using the Gaussian [88 suite
that of acetonitrile which will affect the relative en- ©f programs. Geometries were optimized, and har-
ergies of the possible simple-dissociation products monic vibrational frequencies were calculated at
and thus the degree to which it competes with the MP2/6-31-G(d) level of theory. Our previous work
isomerization reaction. Not as obvious is the effect of has shown that relative energies on these reaction

chloro-substitution on the transition state leading to Surfaces are adequately described at this level of the-
the Su2 isomerization products. ory [1-3,9] Transition states were confirmed by the

intrinsic reaction coordinate method in Gaussian 98.
Unimolecular reaction rate constants were esti-

2. Experimental details mated using the standard RRKM expresdibd):
NHE-E
The experiments were performed on a modified k(E) = W 1)

triple sector VG ZAB-2HF mass spectromefg} in-
corporating a magnetic sector followed by two elec- whereNi(E — Eyp) is the transition state sum-of-states
trostatic sectors (BEE geometry). Protonated cluster above the activation enerdsy ando(E) is the density
ions were generated in the chemical ionization ion of states of the reactant ion at an internal endegy
source of the instrument. The pressures in the ion The sums and densities of states were obtained via the
source chamber, read with an ionization gauge located direct count algorithm of Beyer and Swinehétt].
above the ion source diffusion pump, were typically For isomerization reactions, the vibrational frequen-
between 10° and 10 Torr (the pressure in the ion  cies and relative energies of the reactant ions and the
source itself being approximately two orders of mag- transition state structures were obtained from the ab
nitude higher). Cluster ions were not observed when initio calculations (vibrational frequencies were scaled
the pressure was below 1®Torr, and there was no by 0.943 prior to usg12]). The only unknowns are
evidence of higher order clusters at any of the pres- the vibrational frequencies for the effective transition
sures used in these experiments. Metastable ion (MI) states for the simple-bond cleavage reactions. Since
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the RRKM calculations are being used for a qualitative (CICH,CN)(CHsCH,CH,OH)H* and (CICHCN)
understanding of the relative kinetics on the reaction ((CH3)2CHOH)H" are shown inFig. 1L In each
surface, the transition state vibrational frequencies for case the isotopically puréCl containing ions were
simple cleavage reactions were estimated by employ- selected.

ing the vibrational frequencies of the reactant ions and

scaling the lowest five modes to achieve an entropy of 4.1. (CICH2CN)(CH3OH)H*

activation,AS¥(600K), of +12 JK-*mol~2. In addi-

tion, the vibration due to rotation about the hydrogen ~ The  chloroacetonitrile-methanol  proton-bound
bond in the proton-bound pair was removed from both ion (Fig. 1§ (CICH,CN)(CHsOH)H* (1), m/z 108,
the reactant ion and approximated transition state and €xhibits two peaks,m/z 90 (-18amu) andm'z

was treated as a hindered internal rotafibd. 33 (~75amu). The loss of 18amu is attributed to
the loss of water while the other peak is due to

the loss of CICHCN to form CHOH,*. The ab-
4. Results and discussion sence of a peak due to protonated chloroacetoni-
trile (m/z 76) is consistent with the relative PA of
The 2FFR MI mass spectrum of each ion, (Cl- methanol (754.3kJmol) and chloroacetonitrile
CH,CN)(CH3OH)H™, (CICH2CN)(CH3CH,OH)HT, (745.7 kI mot?) [13].

(a) 90’ (b)
47"
33" 104"
miz m/z

(c) (d)

118"
61"
61"
118"
m/z m/z

Fig. 1. MI mass spectra obtained in the second field free region of the VG ZAB-2HF of (a) §CIKKICHsOH)HT, (b)
(CICH2CN)(CH3zCH2OH)HT, (c) (CICHCN)(CH3CH,CH,OH)H* and (d) (CICHCN)((CHs)2CHOH)H*. Artifacts, denoted with an (X),
are due to thé3C contribution of a peak in the mass spectrum one unit lower in mass.
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Fig. 2. Selected geometric parameters for the proton-bound dimer (QIRHCH;OH)HT (1), its isomers 2, 3) and transition state
structuresT S(1-2) and T S(2-3). All geometries were fully optimized at the MP2/6-8G(d) level of theory. Bond lengths are in angstroms,

bond angles in degrees.

Ab initio calculations were employed to map out the
minimum energy reaction pathways for the (Cl&H
CN)(CHzOH)H™ ion at the MP2/6-33G(d) level
of theory. Optimized structures for equilibrium and
transition states are shown kig. 2 and relative en-
ergies are listed ifMable 1 The reaction leading to
water loss was assumed to proceed via g2-§pe
reaction similar to that observed for the acetonitrile-
containing pairs$cheme 1 The first step in the pro-
cess involves a backside attack of CIEZEN on the
carbon adjacent to the QHyroup in the protonated
alcohol to form an intermediate compl@x(CICHz-
CN...CHz.--OHp)* (viaTS(1-2), TSa). The second
step involves the stretching of the C—O bond in the
protonated alcohol and the shortening of the N-C
bond ([T S(2-3), TSh), followed by the formation of the

Table 1

Calculated relative energies for the proton-bound pair (GICN)
(CH3OH)H™, its isomers, transition structures and fragmentation
products

Relative energy

(CICHCN)(CHsOH)H* (1) 0

(CICH2CN - - - CHz - - - OHp) ™ (2) 72
(CICH2CNCHg)(H20)* (3) -6
TS(1-2) 76
TS(2-3) 104
CICH,CNCHs™ (4) + H20 34
CICH,CNH* + CH30H 144
CHzOH,* + CICH,CN 123

2Values calculated at the MP2/6-8G(d) level of theory in-
corporating scaled (by 0.943) MP2/6-BG(d) zero-point vibra-
tional energies (in kJmot at 0K).
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thermodynamically stable isom& (CICH,CNCHg)
(H20)*. lon 3 dissociates to iod (CICH,CNCHg)™
plus water. The transition state for the interconversion
of the intermediate comple® to ion 3, TS(2-3)
lies 104kJmot! above 1 and 19kJmot! be-
low the lowest energy simple-dissociation products
(CH3OHz " + CICH2CN).

The reaction pathways for the two proton-bound
pairs (CICHCN)(CH3OH)H" and (CHCN)(CHs-
OH)HT are compared irFig. 3. Chloro-substitution
on the acetonitrile has a small stabilizing effect on
TSa and the intermediate ion in they® mecha-

nism but has no effect on the highest energy transi-

tion state leading to the water-loss products (TSh).

The lowest energy simple-dissociation products be-

come CHOH,T + CICH,CN, which lie 2kJmot?
higher than CHCNH™ 4+ CH3OH (relative to their
respective proton-bound pairs). The calculations
predict a difference in energy between the two
channels Ep(dissociation — Eg(isomerization)) of
19kJmot?® in the chloro-substituted system com-
pared to 18kImol' in the non-substituted system.

CH,OH,’
+CICH,CN
123
(121y
CH,CNH'
+ CH,0H

140 -

120 -

100 -

)

-

L [=2] [
o o o
1 1 1

Relative Energy (kJ mol
N
o
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The 1kJmot?! difference between these values is
insufficient to cause a dramatic shift in the relative
abundance of the two reaction pathways (the MI mass
spectra exhibit ratios for dissociation to isomerization
of 1.0:0.5 for (CHCN)(CHsOH)H™ [1] and 0.1:1.0
for (CICH,CN)(CH3OH)HT). Chloro-substitution
does reduce the relative energy of the initial tran-
sition state leading from the proton-bound pair to
the intermediate(CICH,CN---CHgz---OHo)T ion
(TSa) by 13kJmoll. While this step in the iso-
merization reaction is not rate limiting, it may in-
fluence the relative abundance of the two product
channels.

To examine this possibility, the MP2/6-35(d)
reaction surface was kinetically modeled with RRKM
theory. Four elementary reactions were addressed: the
reaction leading fronll to CH3OH,* 4 CICH,CN
(k1), the forward isomerization df to 2 (kp), the re-
verse isomerization dt to 1 (k3) and the forward iso-
merization of2 to 3 (k4). The individual rate constants
are plotted as a function of the internal energylof
in Fig. 4a Due to its small density of states the rate

CICH,CNCH,’
+H,0

< (19)
 CH,CNCH,"
! +H,0

—— (CICH,CN)(CH,OH)H’
(CH,CN)(CH,OH)H’

Fig. 3. Comparison the minimum energy reaction pathways of the proton-bound pairs JENMEH;OH)HT (solid line) and

(CH3CN)(CHzOH)HT (dashed line). All values are in kJ mdl.



RA. Ochran, PM. Mayer / International Journal of Mass Spectrometry 227 (2003) 471-478

476
12 1
11 4
10 1
9 .
8 -
A ]
$ 7
E
o 61
o
5 -
4 4
3 -
2 -
*
1 T T T T ]
1 1.5 2 2.5 3 3.5
(a) Internal Energy of 1, eV
12 1 1000
kslow . weee - 900
117 - 800
Ratio
- 700
10 1
—~ 600
% 97 - 500
o K
o - 400
8 1
‘ - 300
] - 200
77 :
:.' - 100
6 T T T T
1.0 1.5 2.0 25 3.0 3.5
(b) Internal Energy of 1, eV
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constants for the reactions leading out from (ks
and k) are similar to each other and significantly
greater than those for reactions from ibnThe two

potential energy wells on the surface means that prod-

ucts will be formed with a biexponential rate consist-
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energy ions on the microsecond timescale. Since
there is considerable uncertainty about the internal
energy distribution of metastable ions, a quantitative
correlation cannot be made. Igg. (5) as k> de-
creases so does the ratio between isomerization and

ing of fast and slow components. The fast component simple-bond cleavage. The relative energy of TSa is

of the rate (having a rate constaiis) will be due

to the immediate dissociation of idnto products via

ki prior to any isomerization reaction and will only
be significant during the early stages of the reaction
before the ions arrive in the 2FFR. Only the slow
component of the rate (having a rate constay)

will be important in the 2FFR of the mass spectrom-
eter. The value okgow is plotted inFig. 4band was
calculated following the treatment developed by Baer
et al. [14] for a two-well reaction surface. The rate
of formation of the dehydration productsRg,/dt)
and the dissociation products Rgsddt) can be
expressed as:

dPiso

= k4(e_}‘slowt + e_)”fastt) (2)
dr
dPyiss ka+ ks _, k2 _
I k[ 2 g Aslow . 2 @ Mast! 3
dr ! ko + k3 + kg 3)

wheresast and Agow are the eigenvalues of thex22
matrix obtained for a 2-well surface (as derived by
Baer et al.[14], case “C” with the rate constants
renumbered accordingly). The equation f&gow
comes from the coefficients for the slow components
in Egs. (2) and (3) [14]

k3 + ka
kslowzkl( A >+k4
2

The ratio of water-loss products to simple-dissociation
products, ratio (iso/diss), will be determined by the
ratio of their respective rate constants:

. (iso ka
Ratiol — | = ——————
diss k1(k3 + ka/ k2)

This ratio is plotted irFig. 4h At internal energies

(4)

(5)

larger for the (CHCN)(CHsOH)H™ ion than it is for
the chloro-substituted ior~{g. 3) and thus, a greater
fraction of the (CICHCN)(CHsOH)H* ions undergo
dehydration.

Another possible explanation for the dominance of
the isomerization channel in the chloro-substituted
system is if CHOH,™ reacts with CICHCN in the
ion source to forn2 directly. However, the popula-
tion of 2 in the beam flux entering the 2FFR will be
very small since, once formed, it rapidly isomerizes
back to ionl (the ratio ofks to kp is greater than
40 at the low internal energies responsible for Ml
decompositionFig. 3).

4.2. (CICH,CN)(ROH)HT (R = CH3CHp,
CH3CH2CHa, (CH3)2CH))

The 2FFR MI mass spectrunfif). 2b of the
chloroacetonitrile—ethanol proton-bound dimer ion
(CICH,CN)(CH3CH,OH)HT (2), mvz 122, exhibits
the same two basic reaction pathways as its methanol
analogue, except that the simple dissociation to pro-
tonated ethanol dominates the spectrum. Methyl-
substitution does not reduce the relative energy of
TSb [3]. Chloro-substitution acts only to lower TSa
and thus favors the isomerization reaction. Domi-
nance of the simple-bond dissociation in the MI mass
spectrum must therefore be due to the greater PA
of ethanol (776.4 kJ molt versus 754.3 kJ mol for
methanol[13]) and hence lower dissociation-product
energy.

The 2FFR MI mass spectra of the proton-bound
pairs (CICHCN)(CH3CH,CH,OH)H*™ and (CICH

below 1.5 eV, the isomerization channel dominates the CN)((CHs)>CHOH)H™ both exhibit peaks atvz 118

chemistry of the proton-bound pair. The ratio drops
to ~0.6 at an internal energy of 3.5eV. This is at
least qualitatively consistent with the MI mass spec-
trum which reflects the dissociation of low-internal

(-H20) and m/z 61 (—CICHCN), Figs. 2c and d

The relative intensities of the two competing chan-
nels in the n-propanol containing proton-bound
pair are similar to those for the ethanol-containing
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