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Loss of water and hydrogen atom from then-propanol
molecular cation: A theoretical study
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Abstract

The unimolecular dissociation ofn-propanol molecular cation (1) has been investigated theoretically. Density functional theory (DFT)
molecular orbital calculations have been performed at the UB3LYP/aug-cc-pVQZ//UB3LYP/6-31 + G(d) level to obtain pathways for water
and hydrogen atom loss from1. On the basis of the DFT results, the rate-energy dependences have been calculated for water and hydrogen
atom loss from various deuterated analogues of1 by Rice–Ramsperger–Kassel–Marcus modeling. The large kinetic deuterium isotope effects
on the metastable water and hydrogen atom loss reported previously are rationalized from the obtained rate-energy dependences.
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. Introduction

The dissociation ofn-propanol molecular cation (1) has
een studied by various experimental and theoretical means

1–12]. It is well known that the low energy (metastable)n-
ropanol ion dissociates mainly by loss of water. Deuterium

abeling studies[5,7–9,11] revealed that the water prod-
ct contains exclusively the OH group and the�-hydrogen
toms. Theoretical calculations[4,5,10,12]suggest that the
yclopropane cation is produced by loss of water via a dis-
onic ion,•CH2CH2CH2OH2

+, formed by 1,4-H shift and an
on–molecule complex, c-C3H6

•+···H2O. The other compet-
ng channel is loss of hydrogen atom, minor in the metastable
issociation of1. The general consensus is that the H loss is
lso highly regiospecific. Only one of the�-hydrogen atoms

s lost to produce protonated propanal.
Ab initio molecular orbital studies have been carried out

y several groups. Booze and Baer[10] reported theoreti-
al pathways for both the H2O and H loss channels, while
he others[4,5,12] did only the former. Their energy data
btained by the MP2 calculations, however, do not agree
ith the experimental ones. The calculated barrier for the

H2O loss is higher than that for the H loss, while the rev
is true in experimental observations[7–9,11]. This demand
a better theoretical estimate close to the experimental re
A more interesting problem remained unresolved for the
sociation of1 is extremely large deuterium isotope effec
the H loss. Bowen et al.[9] have reported a kinetic isoto
effect of approximately 500:1 on hydrogen atom loss f
metastable1 without reasonable interpretation of its prec
origin. Also, large is the reported isotope effect on the w
loss,∼54:1.

In this work, we try to find out the origin of the extrao
dinarily large isotope effects. The results of density fu
tional theory (DFT) calculations to obtain pathways
the H2O and H loss are reported, which are used
Rice–Ramsperger–Kassel–Marcus[13] (RRKM) model cal-
culations to account for the isotope effects.

2. Computational methods

2.1. Quantum chemical calculation
∗ Tel.: +82 31 220 2150; fax: +82 31 222 9385.
E-mail address: jcchoe@suwon.ac.kr.

Molecular orbital calculations were performed with the
Gaussian 03 suite of programs[14]. Geometry optimizations
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for the molecular ions, intermediates, and fragments were
carried out at the unrestricted B3LYP[15] (UB3LYP) den-
sity functional levels of theory[16] using the 6-31 + G(d)
basis set. Transition state (TS) geometries connecting the
stable structures were searched at the same level. All
the TS geometries found were checked by calculating the
intrinsic reaction coordinates. The harmonic vibrational
frequencies and the zero-point energies (ZPEs) for the
optimized structures were calculated at the UB3LYP/6-
31 + G(d) level and used without scaling. For better accu-
racy, the total energies were calculated at the UB3LYP/aug-
cc-pVQZ level with the geometries optimized at the
UB3LYP/6-31 + G(d) level. For selected species, energy cal-
culations at the UCCSD(T)[17]/aug-cc-pVDZ level were
carried out. In all the reported energy data, the ZPEs are
included.

2.2. RRKM calculation of rate constants

The RRKM expression[13] with tunneling was used to
calculate the rate-energy dependences:

k(E) = σ

hρ(E)

∫ E−E0

−E0

κ(ε)ρ �=(E − E0 − ε)dε, (1)

whereE andE0 are the reactant internal energy and the acti-
v e
o s
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in Fig. 1 or Fig. 2. As an example, the pathway for H1 loss
from 1g is shown inFig. 1 together with optimized geome-
tries. Consequently, H loss occurs via six different transition
states to produce six conformations of protonated propanal
as shown inFig. 2. Two pairs out of the six conformations
are optical isomers. One is produced by H1 loss from1t and
1g′, and the other by H2 loss from1g and1t. The six H loss
barriers lie 91–95 kJ mol−1 above1g. The reverse barriers for
production of the six protonated propanal conformations are
small, 2–5 kJ mol−1.

As shown in Fig. 1, water loss from1 is initialized
from 1g by 1,4 shift of one hydrogen atom of the�-H
atoms. Through two distonic ions•CH2CH2CH2OH2

+ (2a
and 2b) of gauche conformations, an ion-molecule com-
plex, c-C3H6

•+···H2O (3a), is formed.3a can be consid-
ered as another distonic ion oftrans conformation. After
rearrangement of the H2O moiety, it further isomerizes
to another ion-molecule complex having Cs symmetry, c-
C3H6

•+···H2O (3b). 3b can lose water without a reverse
barrier to produce the cyclopropane cation. The lowest poten-
tial energy diagram for the H2O and H loss is shown in
Fig. 3.

One can consider another pathway to lose H2O not via iso-
merizations but directly from the molecular ion. We tried but
failed to locate such a transition state. Moreover, the previ-
ous experiments[8,9] showed that the kinetic energy release
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ation energy for the reaction, respectively,ε the energy in th
ne-dimensional reaction coordinate,ρ andρ �= the densitie
f states of the reactant and the transition state, respec
the reaction path degeneracy, andκ is the tunneling prob

bility calculated by treating the barrier along the reac
oordinate as the Eckart potential[18].

. Results and discussion

.1. DFT calculations

The recent ab initio calculations[10,12,19]agree that th
ptimized structure of the most stablen-propanol ion is quit
ifferent from its neutral structure. Elongation of C� C�

onds upon ionization is the characteristics of aliphatic a
ols having two to four carbon atoms[12,19,20]. The C� C�

ond of1 is elongated also in the present DFT calculat
he calculated C� C� bond length of agauche form of
(1g) (1.847Å, seeFig. 1), similar to those of the prev

us MP2/6-31G(d, p) (1.993̊A) [10] and MP2(fc)/6-31G(d
alculations (1.759̊A) [12], is longer than that of neutr
-propanol (1.524̊A). There exist three stable1 conforma-
ions formed by internal rotation about the C� O bond
wo gauche forms (1g, 1g′) and onetrans form (1t). Their
nergies are almost the same. The torsional barriers con

ng the three conformations are in the range 6–10 kJ m−1

Fig. 2).
Each conformation of1 can lose each hydrogen atom

he two�-H atoms. The numbering of the�-H atoms is show
-

n the H2O loss is small (1.3–1.4 kJ mol−1 measured at hal
eight) and the metastable peak is of a simple Gaussian s
his indicates that the H2O loss occurs without a consid
ble reverse barrier, agreeing with the present pathwa

on–molecule complexes. If the H2O loss occurred direct
ith a considerable reverse barrier, the kinetic energy re
ould be much larger.
The mechanistic picture of the obtained pathways is

imilar to the MP2 result by Booze and Baer[10], even
hough the detailed energy data are different significa
Table 1). Some experimental energy data are also li
n Table 1. As pointed out by Booze and Baer, the un
ainty of the experimental energies is considerable. M
ver, reliable experimental heat of formation of1 has no
een reported. We used the value of 703 kJ mol−1 for it,
erived by Booze and Baer[11] from RRKM model cal
ulations to fit their photoelectron–photoion (PEPICO) d
o estimate the relative experimental energies. The pr
FT result shows an improvement over the previous M

esult. The calculated H loss barrier is higher than
arrier (TS12) to lose H2O, agreeing with the experime

al observations, even though the quantitative agree
s not satisfactory. Since these barriers are importa
he RRKM model calculations, we calculated their e
ies at a higher level, the UCCSD(T)/aug-cc-pVDZ le
ith the geometries optimized at the UB3LYP/6-31 + G

evel. The resultant activation barriers for the H2O and H
oss are 70.5 and 72.5 kJ mol−1, respectively, which still dis
gree with the experimental ones of 92 and 99 kJ mo−1,
espectively.
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Fig. 1. The pathways for H2O and H loss fromn-propanol ion obtained by UB3LYP/aug-cc-pVQZ//UB3LYP/6-31 + G(d) DFT calculations. One pathway of
six for the H loss, H1 loss from1g, is shown. The numbers are the bond lengths inÅ.

3.2. RRKM model calculations

Bowen et al.[8,9] studied twice the unimolecular dis-
sociation of metastable1 by means of deuterium labeling.
In the later study[9], they reported the deuterium isotope
effects on H and H2O loss as∼500:1 and∼54:1, respec-
tively. The intramolecularkH/kD isotope effect is estimated
from relative abundances of the metastable peaks by loss

of H and D from CD3CH2CHDOH•+. The intermolecular
kH2O:kHOD isotope effect is estimated from the experiments
on CH3CH2CH2OH•+ and CD3CH2CH2OH•+. To find out
the origin of these large isotope effects, we carried out the
dissociation rate calculations by RRKM modeling.

Since H loss can occur via the six barriers from three con-
formations of1, densities of all these reactant and TS states
were considered[13] in the calculation of the H loss rate con-



56 J.C. Choe / International Journal of Mass Spectrometry 245 (2005) 53–60

Fig. 2. Potential energy diagram for H loss fromn-propanol ion derived from the UB3LYP/aug-cc-pVQZ//UB3LYP/6-31 + G(d) calculations. The italic numbers
are the relative energies in kJ mol−1.

stant,kH. Since the barrier of the isomerization1g → 2a is the
highest in the pathway for H2O loss (Fig. 3), the isomeriza-
tion is the rate-determining step. This agrees with the previous
experimental and theoretical results. All the contributions of
three1 conformations were considered also in the calculation
of the isomerization rate constant,kisom, essentially the same
as the H2O loss rate constant,kH2O. Since both these two reac-
tions involve H rearrangement, the RRKM formula (Eq.(1))
with tunneling was used in the rate calculations. However, the
kH(E) andkisom(E) for CH3CH2CH2OH•+ calculated using
the corresponding energy barriers obtained in the present
DFT calculations largely deviated from the results of the
PEPICO[11] and metastable ion[8,9]studies. This is because
RRKM calculations are very sensitive to activation barriers.
Hence, we used the experimentally estimated barriers, 92
and 99 kJ mol−1 for the H2O and H loss[11], respectively,
in the rate calculations. Namely, the1g → 2a isomeriza-
tion barrier was adjusted by adding 19 kJ mol−1 to the DFT

results, and the H loss barriers by adding 8 kJ mol−1 in all
the RRKM calculations described below. The vibrational fre-
quencies were used as obtained. The resultantkisom(E) for
CH3CH2CH2OH•+ agreed well with that of Booze and Baer
[11] obtained by fitting the PEPICO experimental data. The
calculatedkH(E) agreed well at low energy with, but some-
what deviated at high energy from thekH(E) of Booze and
Baer. The accuracy of the present rate-energy dependences is
enough for the purpose of understanding the isotope effects
in question.

3.2.1. Intramolecular isotope effect on the hydrogen
atom loss

Fig. 4a shows the rate-energy dependences of the
H and D loss, kH(E) and kD(E), respectively, from
CD3CH2CHDOH•+ together with that of HOD loss,
kHOD(E). For each of the H and D loss, six TS and six
precursor configurations are distinguishable. All the chan-
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Fig. 3. Potential energy diagram for H2O and H loss fromn-propanol ion derived from the UB3LYP/aug-cc-pVQZ//UB3LYP/6-31 + G(d) calculations. The H
loss pathway is the lowest energy one. The italic numbers are the relative energies in kJ mol−1.

nels involving these were considered in the rate calculations.
Some activation barriers used in the RRKM calculations are
listed in Table 2. The difference in kinetics of the H and D
loss arises mainly from different ZPEs of the correspond-
ing transition states. For example, the calculated ZPE of the
TS for H1 loss from a1g form, CD3CH2CH(1)D(2)OH

•+, is
225.6 kJ mol−1, while that for D2 loss 234.4 kJ mol−1. The
vibrational frequency of a C�–D2 stretching of the TS for H1
loss is calculated as 2365 cm−1, while that for the correspond-
ing C�–H1 stretching of the TS for D2 loss as 3148 cm−1.

It is to be noted that with tandem mass spectrometric
method, employed by Bowen et al. to investigate metastable
ion dissociation, one cannot observe dissociation of ions with
well-defined internal energy. In general, product ions from
a metastable precursor ion are observed when the dissoci-
ation occurs with total dissociation rate constant (ktot) of
104–106 s−1 [22]. Therefore, the ions undergoing metastable
dissociation actually have a range of internal energy, so called
metastable window, dependent on the slope ofktot(E). The
metastable window (95–111 kJ mol−1), corresponding toktot
(= kH + kD + kHOD) of 104–106 s−1, is marked inFig. 4 for
dissociation of CD3CH2CHDOH•+. The kH/kD ratio cal-
culated from the RRKM rate result is shown inFig. 4b
as a function of internal energy. As decreasing energy in
the metastable window, relative abundance of the D loss
diminishes rapidly, and eventually only the H loss occurs
a dif-
f d D
l tions

from the ions within the metastable window, the measured
kinetic isotope effect can be extremely large as 500:1, of
which exact value depends on detailed experimental condi-
tions.Fig. 4b predicts that the isotope effect will be smaller
than∼10 if measured at higher energy than the metastable
window.

3.2.2. Intermolecular isotope effect on the water loss
The isotope effect on water loss was demonstrated by

Bowen et al. [9] from data on CH3CH2CH2OH•+ and
CD3CH2CH2OH•+. According to their experiment, abun-
dance ratio of H2O and H loss is 97.4:2.6 in the matastable
dissociation of CH3CH2CH2OH•+. In the dissociation of
CD3CH2CH2OH•+, abundance ratio of HOD and H loss is
41.0:59.0. They estimated the isotope effect,kH2O:kHOD, as
54:1 by normalizing these two ratios to the H loss abundances.
To understand this isotope effect, we calculatedkisom(E)
(=kH2O(E)) andkH(E) for CH3CH2CH2OH•+, andkisom(E)
(= kHOD(E)) andkH(E) for CD3CH2CH2OH•+. The result is
shown inFig. 5together with the calculated branching ratios,
kH2O/kH andkHOD/kH. The metastable window for dissoci-
ation of CH3CH2CH2OH•+ is 89–102 kJ mol−1 as marked
in the figure. Considering all the contributions from the dis-
sociations occurring within the window, the abundance ratio
of H2O and H loss obtained experimentally is reasonable.
The metastable window (94–108 kJ mol−1) for dissociation
o he
e ably
e

t low energy region. Apparently, this is due to the
erence between the activation energies for the H an
oss as mentioned above. Considering all the contribu
f CD3CH2CH2OH•+, however, moves to higher energy. T
xperimental ratio of HOD and H loss are also reason
xplained by the present rate-energy dependences.
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Table 1
Relative energies in kJ mol−1 of C3H8O•+ ions, transition states, and fragment ions

Species DFTa MP2b G2c Exp�fH
◦
0 K

d

CH3CH2CH2OH
•+ (gauche), 1g 0.0 0 0 703e (0)

CH3CH2CH2OH
•+ (gauche), 1g′ 1.4

CH3CH2CH2OH
•+ (trans), 1t 0.04

•CH2CH2CH2OH2
+, 2a 12.4 −22 −18 714f(11)

•CH2CH2CH2OH2
+, 2b 10.1

c-C3H6
•+···H2O, 3a 16.3

c-C3H6
•+···H2O, 3b 19.4 8

TS1gt 6.0
TS1gg′ 10.0
TS1g′t 7.1
TSH1g (H1 loss from1g) 91.3 74 802g(99)
TSH2g (H2 loss from2g) 94.7
TSH1g′ (H1 loss from1g′) 93.0
TSH2g′ (H2 loss from1g′) 91.0
TSH1a (H1 loss from1t) 93.2
TSH2a (H2 loss from1t) 94.7
TS12 72.8 104 76 795g(92)
TS2ab 19.3
TS23 37.2
TS3ab 25.4
CH3CH2CHOH+ + H• (H1 loss from1g) 86.6 45 55 781h(78)
CH3CH2CHOH+ + H• (H2 loss from1g) 93.0
CH3CH2CHOH+ + H• (H1 loss from1g′) 91.3
CH3CH2CHOH+ + H• (H2 loss from1g′) 86.0
CH3CH2CHOH+ + H• (H1 loss from1t) 91.3
CH3CH2CHOH+ + H• (H2 loss from1t) 93.0
c-C3H6

•+ + H2O 61.1 71 50 782i (79)
a Present result calculated at the UB3LYP/aug-cc-pVQZ//UB3LYP/6-31 + G(d) level of theory. The ZPEs calculated at the UB3LYP/6-31 + G(d) basis set

were included. The calculated total energy and ZPE of1g are−194.0958106 and 0.106061 hartrees, respectively.
b MP2/6-31G(d, p) calculations from[10].
c G2(MP2, SVP) calculations from[12].
d Experimental 0 K heats of formation. The values in parentheses are the relative energies referred to1.
e From[11].
f From[2].
g From[1].
h From[10].
i From[21].

Then, why is the isotope effect estimated by Bowen et al.
so large? They combined two abundance ratios to deduce the
isotope effect on the water loss. There are two underlying
assumptions in such an estimate. One is that the secondary
isotope effect on H loss is neglected. Under this assump-

Table 2
Selected activation energies (in kJ mol−1) used in RRKM rate calculationsa

Reactions E0
b

CD3CH2CD(1)H(2)OH•+ (1g′) → •CD2CH2CDOHD+ (2a) 94.6
CD3CH2CD(1)H(2)OH•+ (1g′) → CD3CH2CDOH+ + H2• 97.4
CD3CH2CH(1)D(2)OH•+ (1g′) → CD3CH2CHOH+ + D2• 104.9
CH3CH2CH2OH•+ (1g) → •CH2CH2CH2OH2

+ (2a) 91.6
CH3CH2CH2OH•+ (1g′) → CH3CH2CHOH+ + H2• 98.5
CD3CH2CH2OH•+ (1g) → •CD2CH2CH2OHD+ (2a) 94.9
CD3CH2CH2OH•+ (1g′) → CD3CH2CHOH+ + H2• 97.3

a For H or D loss, the channels with the lowest barrier are listed.
b Referred to the energy of1g. For water or hydrogen atom loss, 19.8

or 7.5 kJ mol−1 was added, respectively, to the corresponding TS energies
obtained by the UB3LYP/aug-cc-pVQZ//UB3LYP/6-31 + G(d) calculations.
See text for details.

tion, the ratios were normalized to the H loss abundances.
To investigate the validity of the assumption, we calculated
the intermolecular secondary isotope effects on H loss from
CH3CH2CH2OH•+ and CD3CH2CH2OH•+ from their rate-
energy dependences (Fig. 5c). The figure shows that the
assumption is roughly valid near and above the ion inter-
nal energy 98 kJ mol−1, butkH for CH3CH2CH2OH•+ is far
smaller thankH for CD3CH2CH2OH•+ at internal energies
below 98 kJ mol−1 where metastable dissociations occur. The
second assumption is that metastable dissociations of the two
isotopomers occur with the identical internal energy distribu-
tions. This is not true also since the metastable windows are
different as shown inFig. 5. The dissociation kinetics within
the two metastable windows is significantly different. We
conclude that invalidity of both the two assumptions would
lead to the large intermolecular isotope effect on the water
loss.

To obtain accurate isotope effects on water loss, exper-
iments should be carried out for the molecular ions with
well-defined energy. This has been performed using PEPICO
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Fig. 4. (a) RRKM rate-energy dependences for HOD, H, and D loss from
CD3CH2CHDOH•+. (b) ThekH/kD ratio calculated from the RRKM rate-
energy dependences. The metastable window (ktot = 104–106 s−1) is marked
as rectangles. Vertical bars represent the activation energies.

by Booze and Baer[11]. They reportedkH2O(E) and
kHOD(E) for the dissociation of CH3CH2CH2OH•+ and
CD3CH2CH2OH•+, respectively, which are similar to those
in Fig. 5a. Their experimental results show normal isotope
effects on the water loss. For example, at the ion internal
energy of∼100 kJ mol−1 the kH2O:kHOD ratio is estimated
to be ∼7. There exists another experimental evidence of
the normal isotope effect on the water loss. Bowen et al.
reported the collision-induced dissociation (CID) spectral
data in their earlier study[8]. The abundance ratio of H2O
and H loss from CH3CH2CH2OH•+ is 168:170, and that of
HOD and H loss from CD3CH2CH2OH•+ is 77:348. Ignoring
the unimolecular contributions contained in the CID peaks,
thekH2O:kHOD isotope effect is estimated as 4.5 by the same
method as above. This indicates that the two assumptions
described above are more valid in the CID experiment than
the metastable ion experiment. It is predicted that the molec-
ular ions undergoing CID would have internal energy about
120 kJ mol−1 on the average by comparing the above exper-

Fig. 5. (a) RRKM rate-energy dependences for H2O and H loss from
CH3CH2CH2OH•+, and HOD and H loss from CD3CH2CH2OH•+. (b)
The intramolecularkH2O/kH and kHOD/kH ratios, and (c) the intermolecu-
lar kH2O/kHOD and kH/kH ratios calculated from the RRKM rate-energy
dependences. The metastable windows (ktot = 104–106 s−1) are marked as
solid and dotted rectangles for CH3CH2CH2OH•+ and CD3CH2CH2OH•+,
respectively. Vertical bars represent the activation energies.
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imental branching ratios to those calculated in the present
work. Fig. 5c predicts, however, that thekH2O:kHOD isotope
effect can be very large if measured at a well-defined identi-
cal energy below 95 kJ mol−1 corresponding to the activation
energy for the HOD loss. Whether one considers tunnel-
ing through the first isomerization barrier for the HOD loss
affects the predicted isotope effect. Without considering the
tunneling, the HOD loss would not occur at all below the
activation energy, and then the isotope effect would go to
infinite.

4. Conclusions

The pathway for water and hydrogen atom loss from
n-propanol cation has been obtained by the DFT calcula-
tions. The water loss occurs via several isomerizations to
distonic ions and ion-molecule complexes. The barrier for
the isomerization1g → 2a is the highest in the pathway for
water loss. The isomerization barrier is lower than the bar-
rier for H loss, agreeing with the experimental observations.
The quantitative disagreement in energetic data, however,
needs further improved theoretical investigations. The sta-
tistical RRKM calculations based on the DFT results predict
the large kinetic deuterium isotope effects on the water and
hydrogen atom loss reported previously by metastable ion
s
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