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Abstract

The thermochemistry of the chloride ion clustering onto dimethyl ether, diethyl ether, and three fluorinated ethers
(CH3OCF3, (CF2H)2O, and CF3OCF2H) under thermal equilibrium conditions has been determined using pulsed-ionization
high pressure mass spectrometry. The standard enthalpy (�H°) and entropy change (�S°) values obtained indicate a variety
of different types of bonding in these complexes. The mode of binding is mainly determined by the number of fluorine atoms
present and by the substitution pattern. In addition ab initio computational methods have been used to obtain more insight into
the structures and energetics. �H°298 value calculated at the MP2/[6-311 �� G(3df,3pd)/6-311 � G(2df,p)]//MP2/
[6-31 � G(d)/6-31G(d)] level of theory show excellent agreement with the experimentally obtained �H° values. (Int J Mass
Spectrom 210/211 (2001) 387–402) © 2001 Elsevier Science B.V.
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1. Introduction

The study of structures and thermochemistry of
solvated gas phase ions continues to be an active field
of research, providing insight into solvation pro-
cesses, and the difference in intrinsic reactivity be-
tween the gas and condensed phases [1–5]. Especially
interesting are systems where multiple binding inter-
actions are possible. In both the gas [6–11] and
condensed phases, metal ion–crown ether complexes
have been studied extensively, both experimentally
and theoretically [12]. Less attention has been paid to

weakly bound anion containing complexes, where
multiple binding interactions may be present. Various
articles [13–22] and reviews [23,24] have described
condensed phase systems in which anions are inter-
acting with the host molecule by mainly multiple
hydrogen bonding or by ion–dipole interactions. Sim-
ilar gas phase systems are fairly rare, and are mainly
limited to perfluorinated crown ethers [25] and
cryptands [26] binding to F� or O2

� �. Larson and
McMahon speculated on the possibility of multiple
site interactions in Cl�((CF2H)2O) complexes based
on �G°298 values from exchange equilibria relative to
Cl�(CF3OCF2H), studied by ion cyclotron resonance
(ICR) spectrometry [27]. No information on standard
entropy changes (�S°) could be obtained, thus pre-
venting a more definitive proof for the occurrence of
chelation. Zhang et al. used pulsed-ionization high-
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pressure mass spectrometry (PHPMS) to deduce that
in chloride ion–diol complexes bidentate interactions
take place. This was shown experimentally by the
standard entropy changes accompanying the cluster-
ing reactions [28]. PHPMS is one of the few experi-
mental techniques able to obtain �S° values for gas
phase clustering reactions, and excellent examples
that illustrate the use of �S° can be found in work by
Norrman and McMahon [29,30]. From different �S°
values, obtained by deconvoluting the relevant Van’t
Hoff plots, they showed the existence of low and high
temperature isomers for the gas phase clustering of
t-C4H9

� onto various small organic molecules [29],
and the folding of CH3(CH2)8CO2

� to give intramo-
lecular solvation [30]. In the present work, the clus-
tering of chloride ion onto various (fluorinated) ethers
has been investigated by PHPMS and high-level ab
initio computational methods. By varying the number
and the positions of the electronegative fluorine at-
oms, one would expect changes in the structures of
the cluster ions, accompanied by changes in the
clustering thermochemistry. The computations were
performed to obtain more insight into the structures,
especially where various rotamers and isomers are
possible, and to find a method to compare the ther-
mochemistry to experiment. Recently there has been a
fair amount of interest in fluorinated ethers [31–41].
This class of compounds has been developed to
replace chlorofluorocarbons (CFCs). Unfortunately
these compounds may also contribute to global warm-
ing by their long atmospheric lifetimes, and their
strong absorption of thermal radiation between 800
and 1400 cm�1 [36]. The occurrence of the chloride
ion–fluorinated ether complexes in the atmosphere,
and especially the ionosphere, seems very unlikely,
mainly due to the low concentrations of both chloride
ions and the fluorinated ethers at those altitudes.

2. Experimental

All measurements were carried out on a PHPMS
instrument, configured around a VG 8-80 mass spec-
trometer. The instrument, constructed at the Univer-
sity of Waterloo, has been described in detail previ-

ously [42]. The general principles and capabilities, as
well as the limitations of PHPMS have been described
in the literature [43,44].

Gas mixtures were prepared in a 5 L heated
stainless steel reservoir at 370 K, by using CH4 as a
bath gas at pressures of 40–900 Torr. Chloride ion
was generated from trace amounts of CCl4 by disso-
ciative electron capture (DEC) of thermalized elec-
trons from 500 �s pulses of a 2 keV electron gun
beam.

The five ethers ((CH3)2O, (CH3CH2)2O, CH3OCF3,
(CF2H)2O, and CF3OCF2H) were added to give relative
amounts between 0.06% and 75%, depending on the ion
source temperature and the nature of the experiment
involved. The ion source pressure and temperature
ranged from 4.0 to 8.0 Torr and from 300 to 600 K,
respectively.

Time intensity profiles of mass selected ions were
monitored by using a PC based multichannel scalar
(MCS) data acquisition system, configured between
60 and 200 �s dwell time per channel over 250
channels. Additive accumulations of ion signals re-
sulting from 500 to 2000 electron gun beam pulses
were typically used. Fig. 1(a) and (b) illustrate typical
data obtained from the equilibrium experiments.

Equilibrium constants (Keq) at different absolute
temperatures for the various chloride ion–ether clus-
tering equilibria, Cl��etherº Cl�(ether), are deter-
mined from

Keq �
Int(Cl�(ether))

Int(Cl�)

P0

Pether,source
(1)

In Eq. (1) Int(Cl�(ether))/Int(Cl�) is the ion intensity
ratio of the Cl�(ether) and Cl� ions at equilibrium, P0

is the standard pressure (1 atm), and Pether,source is the
partial pressure (in atm) of the ether in the ion source.

From the equilibrium constants the standard
Gibbs’ free energy change (�G°) at different absolute
temperatures (T) can be calculated from

�G� � �RT ln�Keq� (2)

By combining Eq. (2) and the following equation:

�G� � �H� � T�S� (3)

388 B. Bogdanov et al./International Journal of Mass Spectrometry 210/211 (2001) 387–402



the Van’t Hoff equation,

ln�Keq� �
�S�

R
�

�H�

R

1

T
(4)

can be obtained.
By plotting ln(Keq) versus 1/T, �H° and �S° can be

obtained from the slope and intercept, respectively.

All equilibrium constants obtained were essentially
independent of the partial pressures of the various
ethers and the ion source pressure.

Dimethyl ether was obtained from Matheson of
Canada Ltd., diethyl ether from BDH Inc., 1,1,1-
trifluoro dimethyl ether and 1,1,1,3,3-pentafluoro di-
methyl ether from Syn Quest Labs Inc., 1,1,3,3-

Fig. 1. (a) Time-intensity profile for the Cl�((CF2H)2O)�(CF2H)2Oº Cl�((CF2H)2O)2 clustering equilibrium at the following experimental
conditions: Pion source � 4.00 Torr, Tion source � 352 K, P(CH4) � 3.97 Torr, P((CF2H)2O) � 0.03 Torr, P(CCl4) �� 0.01 Torr. (b) Normalized
time-intensity profile of (a).
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tetrafluoro dimethyl ether from PCR Research
Chemicals Inc., methane from Praxair, and carbon tet-
rachloride from J. T. Baker Chemical Co. All chemicals
were used as received.

3. Computational

All computations were performed using the GAUSSIAN

98W suite of programs [45]. Geometries were optimized

at the Hartree-Fock (HF) [46] and second-order Møller-
Plesset perturbation theory (MP2(fc)) [47] levels of
theory using the 6-31G(d) (1) basis set for C, H, O, and
F, and the 6-31 � G(d) (3) basis set for Cl. Normal
mode vibrational frequencies were calculated at the HF
level of theory and scaled by 0.8953 [48], using the same
basis sets as for the HF geometry optimizations. Single
point energy and natural population analysis (NPA) [49]
calculations were performed at the MP2 level of theory
using the 6-311 � G(2df,p) (2) basis set for C, H, O, and

Fig. 2. Optimized MP2/6-31G(d) structures of (a) (CH3)2O, (b) (CH3CH2)2O (rotamer 1), (c) (CH3CH2)2O (rotamer 2), (d) CH3OCF3, (e)
(CF2H)2O (rotamer 1), (f) (CF2H)2O (rotamer 2), (g) (CF2H)2O (rotamer 3), (h) CF3OCF2H (rotamer 1), (i) CF3OCF2H (rotamer 2), and (j)
(CF3)2O.
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F, and the 6-311 �� G(3df,3pd) (4) basis set for Cl on
the MP2 geometries.

The motivation to use the 6-31G(d) basis set for C,
H, F, and O in HF geometry optimizations and
frequency calculations, and MP2 geometry optimiza-
tions, and the use of the 6-311 � G(2df,p) basis set for
MP2 single point calculations is mainly based on the
work by East and Radom [50]. For a fairly large
number of molecules they determined that experimen-
tal methyl group rotational barriers could accurately
be reproduced by using the MP2/6311 � G(2df,p)//
MP2/6-31G(d) level of theory. Since there was some
interest a priori to also look at the effect of clustering
on methyl group barrier heights, it seemed a logical
choice to use a similar method.

The choice of 6-311 �� G(3df,3pd) as the Cl�

basis set for the MP2 single point calculations is due
to the smallest difference in EA(Cl � ) between theory
and experiment (3.54 eV versus 3.6144 eV) [51]. For
the HF geometry optimizations and frequency calcu-
lations, and the MP2 geometry optimizations the use
of 6-31 � G(d) as the Cl� basis set was mainly
determined by cost considerations. Use of, for in-
stance 6-31 �� G(d) or 6-31 �� G(d,p), does not
improve the value of the calculated EA(Cl�)’s, which

show large discrepancies with the experimental EA
(2.48 eV for HF and 3.16 eV for MP2).

G3(MP2) [52] enthalpies, H°298(G3(MP2)), were
calculated for Cl�, CH3OCF3, CF3O�, CH3Cl,
Cl�(CH3OCF3), CF3O�(CH3Cl), and [ClCH3OCF3]�

to construct a schematic energy profile for the
Cl� � CH3OCF33 CF3O� � CH3Cl gas phase SN2
reaction.

4. Results and discussion

4.1. Structures

The MP2/1 structures of the various rotamers of
(CH3)2O, (CH3CH2)2O, CH3OCF3, (CF2H)2O,
CF3OCF2H, and (CF3)2O are shown in Fig. 2(a)–(j).
Recently, results of optimized structures for several of
the same molecules, but only the most stable rotamers,
calculated at the MP2 and QCISD/6-31G(d), and
B3LYP/6-311 �� G(3df,3pd) levels of theory were
published [36–38]. For a discussion on the structural
features of (CH3)2O calculated at the MP2/6-31G(d)
level of theory versus experiment the reader is referred
to recent work by Good and Francisco [36]. For
(CH3CH2)2O no systematic study of the various rotam-
ers was performed. For (CF2H)2O and CF3OCF2H, four
and two stable conformers were found, respectively.
Unfortunately, no microwave or electron diffraction
experiments have been performed on the fluorinated
ethers to determine the most stable structures and the
possible existence of the various rotamers. Calculations
on (CF3)2O at the MP2/3-21G and MP2/6-31G(d,p)
levels of theory show good agreement with this work
[37,38]. (CF3)2O shows an eclipsed structure to mini-
mize the repulsion among the fluorine atoms. A dihedral
angle, � FCCF, of 46.8° between the two axial fluorine
atoms and the two carbon atoms was found. More
interestingly, from the point of view of the work pre-
sented here, are the structures of the chloride ion–ether
complexes, which are shown in Fig. 3(a)–(k). Smith et
al. published a structure for the Cl�((CH3)2O) complex,
calculated at the MP2/[D95 � */D95 � **] level of

Figure 2. (continued)
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theory [53]. In the most stable isomers of Cl�((CH3)2O)
found in this work, the chloride ion interacts with only
two hydrogen atoms, one from each methyl group. The
Cl�™H distance is 2.795 Å, which is much smaller than
the 3.2 Å found by Smith et al., which appears to be a
transition state structure, since the chloride ion interacts
with four hydrogen atoms [53]. Upon complex forma-
tion with Cl�, the C™O™C angle remains virtually
unchanged. For the chloride ion–diethyl ether com-

plex, at least two isomers are possible. In the first
one, the chloride ion interacts with two hydrogen
atoms from the two CH2 units, while in the second
isomer the chloride ion interacts with two hydro-
gens, one from a CH2 and the other from a CH3 unit
on different sides of the oxygen atom. The calcu-
lated thermochemistry for the latter isomer has
closer agreement to the experimental PHPMS data.
No isomer was found where the chloride ion

Fig. 3. Optimized MP2/[6-31 � G(d)/6-31G(d)] structures of (a) Cl�((CH3)2O), (b) Cl�((CH3CH2)2O) (rotamer 1), (c) Cl�((CH3CH2)2O)
(rotamer 2), (d) Cl�(CH3OCF3), (e) Cl�((CF2H)2O) (rotamer 1), (f) Cl�((CF2H)2O) (rotamer 2, isomer 1), (g) Cl�((CF2H)2O) (rotamer 2,
isomer 2), (h) Cl�((CF2H)2O) (rotamer 4), (i) Cl�(CF3OCF2H) (rotamer 1), (j) Cl�(CF3OCF2H) (rotamer 2), and (k) Cl�((CF3)2O).
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interacts with hydrogen atoms from the two CH3

units. The introduction of a CF3 group changes the
chloride ion binding as expected. Cl�(CH3OCF3)
looks like a SN2 back-side attack complex. Relative
to CH3OCF3, the O™CH3 distance increases from
1.442 to 1.472 Å, whereas the O™CF3 distance
decreases from 1.345 to 1.328 Å. However, the

chloride ion does not interact identically with all
hydrogen atoms, as occurs, for instance in the
Cl�(CH3Cl) complex. In Cl�(CH3OCF3) the
Cl�CO bond angle is 171.5°, whereas the COC
bond angle is 115.2°, compared to 114.4° in
CH3OCF3. For the Cl�((CF2H)2O) cluster, four
different rotamers/isomers are possible, three sin-

Figure 3. (continued)
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gly hydrogen bonded, and one doubly hydrogen
bonded. Rotamers 1 and 2 (2 isomers) all have the
chloride ion interacting with one of the two hydro-
gen atoms. Compared to rotamer 4, both the Cl�™H
distances and Cl�HC bond angles are smaller and
are closer to being linear, respectively. In rotamer
4, there is not only interaction with two hydrogen
atoms, but the chloride ion is also aligned with the
dipole moment of (CF2H)2O. For the
Cl�(CF2HOCF3) cluster, two rotamers are possible.
In both cases the Cl�HC bond angle is close to
being linear. In most clusters investigated, the C™O
bond containing the hydrogen atom that interacts
with the chloride ion increases in length relative to
the neutral, while the C™O bond with no hydrogen
atom(s) interacting decreases in length. In
Cl�((CF3)2O) the FCCF dihedral angle, containing
the axial fluorine atoms, has been reduced to 39.7°.

More interesting is the fact that the chloride ion
interaction with the carbon atom is an almost linear
alignment with one of the C™F bonds. This resem-
bles a SN2 back side attack complex of Cl� with
(CF3)2O, with F� as a hypothetical leaving group
instead of CF3O�. The Cl�™C distance is 3.775 Å,
which is notably longer than the Cl�™O distance of
3.322 Å. The NPA charges in (CF3)2O, calculated
at the MP2/6-311�G(2df,p)//MP2/6-31G(d) level
of theory, confirm that the carbon atom will be the
only probable site the chloride ion can interact
with. The two di-solvated chloride ion-fluorinated
ether complexes shown in Fig. 4(a) and (b),
Cl�(CH3OCF3)2 and Cl�((CF2H)2O)2, show char-
acteristics that are very close to the monosolvated
clusters. It is interesting, but not surprising, to note
that the hydrogen bonded arrangement around Cl�

in Cl�((CF2H)2O)2 is tetrahedral like. In this way

Fig. 4. Optimized MP2/[6-31�G(d)/6-31G(d)] structures of (a) Cl�(CH3OCF3)2, and (b) Cl�((CF2H)2O)2.
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the repulsive interaction between the two (CF2H)2O
molecules is minimized. Compared to
Cl�((CF2H)2O), the Cl�™H distances have slightly
increased, from around 2.436 to 2.470 Å.

4.2. Thermochemistry

In Tables 1 and 2, overviews are given of the
experimental and computational thermochemical data
obtained for the chloride ion–(fluorinated) ether com-
plex clustering equilibria. As can be seen from Table

1, the �H° and �S° values depend very much on the
number of fluorine atoms and the substitution pattern.
In Figs. 5 and 6, the Van’t Hoff plots from which the
�H° and �S° values are determined are shown. As
seen in Fig. 2(a)–(k), very different bonding charac-
teristics can be observed in the various chloride
ion–(fluorinated) ether complexes, which should be
reflected in characteristic �H° and �S° values.
PHPMS is one of the few experimental techniques to
obtain �S° values directly, and these can be a very
useful tool to assign structural features of gas phase
cluster ions. The �H° and �S° values for chloride ion

Table 1
Summary of the experimental thermochemical data for the chloride ion–ether clustering equilibria Cl�(ether)n � ether º Cl�(ether)n�1

(ether � (CH3)2O, (CH3CH2)2O, CH3OCF3, (CF2H)2O, CF3OCF2H; n � 0, 1)a

Clustering equilibrium
�H°

(kcal mol�1)
�S°

(cal mol�1 K�1)

Cl� � CH3OCH3 º Cl�(CH3OCH3) �7.5 �15.3
Cl� � C2H5OC2H5 º Cl�(C2H5OC2H5) �9.0 �19.1
Cl� � CH3OCF3 º Cl�(CH3OCF3) �13.6 �19.8
Cl�(CH3OCF3) � CH3OCF3 º Cl�(CH3OCF3)2 �12.7 �23.7
Cl� � CF2HOCF2H º Cl�(CF2HOCF2H) �28.2 �31.3
Cl�(CF2HOCF2H) � CF2HOCF2H º Cl�(CF2HOCF2H)2 �21.4 �33.7
Cl� � CF2HOCF3 º Cl�(CF2HOCF3) �17.5 �20.8

a Estimated relative errors: �H° 	 0.2 kcal mol�1; �S° 	 1.0 cal mol�1 K�1 and estimated absolute errors: �H° 	 0.4 kcal mol�1 �S° 	
2.0 cal mol�1 K�1

Table 2
Summary of the computational thermochemical data for the chloride ion–ether clustering equilibria Cl�(ether)n � ether º Cl�1(ether)n�1

(ether � (CH3)2O, (CH3CH2)2O, CH3OCF3, (CF2H)2O, CF3OCF2H, (CF3)2O; n � 0, 1)a

Clustering equilibrium
�H298° (kcal mol�1)

MP2//MP2
�S298° (cal mol�1 K�1)

HF

Cl� � (CH3)2O º Cl�((CH3)2O) (rotamer 1) �7.3 �15.8
Cl� � (CH3CH2)2O º Cl�((CH3CH2)2O) (rotamer 1) �7.8 �15.7
Cl� � (CH3CH2)2O º Cl�((CH3CH2)2O) (rotamer 2) �8.9 �17.6
Cl� � CH3OCF3 º Cl�(CH3OCF3) (rotamer 1) �12.5 �17.2
Cl�(CH3OCF3) � CH3OCF3 º Cl�(CH3OCF3)2 (rotamer1) �10.6 �12.4
Cl� � (CF2H)2O º Cl�((CF2H)2O) (rotamer 1) �14.4 �18.8
Cl� � (CF2H)2O º Cl�((CF2H)2O) (rotamer 2, isomer 1) �12.4 �17.7
Cl� � (CF2H)2O º Cl�((CF2H)2O) (rotamer 2, isomer 2) �16.1 �19.0
Cl� � (CF2H)2O º Cl�((CF2H)2O) (rotamer 4) �24.5 �20.2
Cl�((CF2H)2O) � (CF2H)2O º Cl�((CF2H)2O)2 (rotamer 4) �18.7 �17.7
Cl� � CF3OCF2H º Cl�(CF3OCF2H) (rotamer 1) �17.3 �19.5
Cl� � CF3OCF2H º Cl�(CF3OCF2H) (rotamer 2) �17.6 �19.8
Cl� � (CF3)2O º Cl�((CF3)2O) (rotamer 1) �4.9 �16.0

a �H298°: MP2(fc)/[2/4]//MP2(fc)/[1/3] � (ZPE � �CP(298.15 K) � RT) (HF/[1/3]) (0.8953) and �S298°: HF/[1/3] (0.8953), and �S298°:
HF/[1/3] (0.8953), where 1 � 6-31G(d), 2 � 6-311�G(2df,p), 3 � 6-31�G(d), 4 � 6-311��G(3df,3pd); 1 and 2 for C, H, F, and O and
3 and 4 for Cl�.
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binding to dimethyl and diethyl ether can be com-
pared to data obtained recently in our laboratory on
chloride ion binding to cyclic and linear alkanes [54]

Cl� � RHº Cl�(RH) (5)

For RH � c-C5H10 and n-C5H12, �H° and �S° values
of �7.4 and �7.9 kcal mol�1, and �16.4 and �18.1
cal mol�1 K�1, respectively, were determined. These
values seem reasonable for the weak, mainly ion-
induced dipole, interactions in these types of clusters.

Fig. 5. Van’t Hoff plots for the chloride ion–ether clustering equilibria Cl� � etherº Cl�(ether) (ether � (CH3)2O, (CH3CH2)2O, CH3OCF3,
(CF2H)2O, CF3OCF2H).

Fig. 6. Van’t Hoff plots for the chloride ion–ether clustering equilibria Cl�(ether)�ether º Cl�(ether)2 (ether�CH3OCF3, (CF2H)2O).
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The difference between (CH3)2O and (CH3CH2)2O is
mainly due to a larger polarizability of the latter
(� � 5.8 Å3 versus 10.2 Å3) [55]. Smith et al.
calculated the complexation energy of Cl� onto
(CH3)2O and found a value of �6.90 kcal mol�1,
after correcting for the basis set superposition error
(BSSE), at the MP2/[cc-pVTZ � 3s2p2d/cc-
pVTZ � sp]//MP2/[D95 � */D95 � **] level of the-
ory [53]. Rotamer 1 of (CH3CH2)2O is 1.5 kcal mol�1

more stable than rotamer 2 (�H°298 at the MP2/2//
MP2/1 level of theory). For the Cl�((CH3CH2)2O)
complex isomer 1 is only 0.5 kcal mol�1 more stable
than isomer 2 (�H°298 at the MP2/[2/4]//MP2/[1/3]
level of theory). Existence of other rotamers and
isomers cannot, of course, be excluded, and it seems
reasonable to assume that the Cl�((CH3CH2)2O)
complexes in the high pressure ion source consist of a
statistical mixture of the various rotamers and iso-
mers. The fact that the calculated �H°298 and �S298

values for rotamer 2 are closer to the experimental
�H° and �S° values, by no means proves that these
are the main structures in the high pressure ion source.
This example illustrates that weakly bound systems
can be stabilized by multiple, nonclassical hydrogen
bonds. It may be expected that this effect will become
even more pronounced if the alkyl chain length in
CH3OR (R � alkyl) will increase. One problem that
may arise when trying to analyze the experimental
�H° and �S° values, is dealing with large numbers of
conformers of the neutral ethers and the possible
isomers for the chloride ion-ether complexes, that all
will have their own, distinct thermochemistry. As
already mentioned previously, the Cl�(CH3OCF3)
complex resembles a SN2 backside attack complex,
even though the binding is not completely symmetric.
For a similar, true SN2 system,

Cl� � CH3Brº Cl�(CH3Br) (6)

values for �H° and �S° of �12.5 kcal mol�1 and
�19.0 cal mol�1 K�1, respectively, were determined
[56], with the latter obtained from ab initio computa-
tions [57].

CF3O� was present in the ion source, and from the
potential energy surface calculated at the G3(MP2)

level of theory, shown in Fig. 7, it seems reasonable to
assume that it has been formed by a SN2 type reaction

Cl� � CH3OCF33 CF3O� � CH3Cl (7)

The CF3O� formed can also cluster with CH3OCF3,
forming CF3O�(CH3OCF3). The latter ion is present
in a very small intensity, but nonetheless equilibrium
was observed. The standard ambient reaction enthalpy
change, �RH°298, calculated at the G3(MP2) level of
theory is �6.2 kcal mol�1, whereas the experimental
value is �5.9 kcal mol�1 [62]. For the latter value,
�fH°298 (CH3OCF3) of �212.7 kcal mol�1 was used,
which was calculated at the G2(MP2) level of theory
[35]. At the G3(MP2) level of theory a �fH°298

(CH3OCF3) value of (�215.7 	 0.1) kcal mol�1 has
been determined. Computations at the G3(MP2) level
of theory indicate that the [ClCH3OCF3]� transition
state is 1.4 kcal mol�1 above the Cl� and CH3OCF3

reactants. At the same level of theory, the �H°298

values for

Cl� � CH3OCF3º Cl�(CH3OCF3) (8)

CF3O� � CH3Clº CF3O�(CH3Cl) (9)

Fig. 7. Schematic G3(MP2) energy profile for the Cl��CH3OCF3

3 CF3O��CH3Cl gas phase SN2 reaction.

397B. Bogdanov et al./International Journal of Mass Spectrometry 210/211 (2001) 387–402



were calculated to be �12.7 kcal mol�1 and �9.4
kcal mol�1, respectively.

The first result is in excellent agreement with the
MP2//MP2 calculations reported here. It does not
seem unlikely that CF3O� is formed through disso-
ciative electron capture by CF3OCH3

CH3OCH3 � e�3 [CF3OCH3]��3

CF3O� � CH3
� (10)

Electron radiolysis of CF3OCH3 into CF3O � and CH3
� ,

followed by electron capture by CF3O � also seems a
very unlikely process

CH3OCH3 � e�3 CF3O� � CH3
� � e� (11)

CF3O� � e�3 CF3O� (12)

The first process is 95.7 kcal mol�1 endothermic [58]
(96.3 kcal mol�1 at the G3(MP2) level of theory),
whereas the second process is 101.2 kcal mol�1

exothermic [58] (104.5 kcal mol�1 at the G3(MP2)
level of theory), making the overall process 5.5
exothermic (8.2 kcal mol�1 at the G3(MP2) level of
theory). The probability of the two-step process is
low, because of low concentrations of the species
involved.

Larson and McMahon measured �G°298 for
Cl�� (CF2H) 2O º Cl� ( (CF2H) 2O) (�17.0
k c a l m o l � 1 ) a n d C l � � C F 3 O C F 2 H º
Cl�(CF3OCF2H) (�12.1 kcal mol�1) by ICR, from
exchange equilibria with various chloride ion clusters
[27]. From the present PHPMS data, �G°298 values of
(�18.8 	 1.0) kcal mol�1 and (�11.3 	 1.0)
kcal mol�1 can be determined, in reasonable to good
agreement with the ICR values. The relatively nega-
t i v e � H ° a n d � S ° v a l u e s f o r t h e
Cl� � (CF2H)2Oº Cl�((CF2H)2O) equilibrium seems
very reasonable. Zhang et al. measured, by PHPMS,
the thermochemistry for the Cl� � HO(CH2)3OH
º Cl�(HO(CH2)3OH) equilibrium, and found �H°
and �S° values of (�28.3 	 1.7) kcal mol�1 and
(�34.0 	 0.7) cal mol�1 K�1, respectively [28]. The
�H° value for the Cl� � CF3OCF2H º
Cl�(CF3OCF2H) equilibrium of �17.5 kcal mol�1, is
equal to the �H° value for chloride ion binding onto

methanol [59]. The difference in �S° values for these
two equilibria is mainly due to the fact that in the
Cl�(HOCH3) cluster, Cl� has some interaction
with two methyl group hydrogen atoms, making the
latter one more negative due to hindering of the
methyl group rotat ion. In rotamer 1 of
Cl�(CF3OCF2H) there is no hindering of the CF3

group rotation expected, thus giving a possible
explanation for the less negative �S° value. In
general, it is expected that multiple hydrogen bond-
ing will be thermodynamically more favorable than
single. If one compares the �H° and �S° values for
formation of Cl�((CF2H)2O) (double hydrogen
bonding) and Cl�(CF3OCF2H) (single hydrogen
bonding), one can make an estimate of the gains in
�H° and �S° for going from a single hydrogen in
Cl�((CF2H)2O) (rotamers 1 and 2 (isomers 1 and
2)) to a double hydrogen bond in rotamer 4. From
the PHPMS data, ��H° and ��S° values of �10.7
kcal mol�1 and �10.5 cal mol�1 K�1, respectively,
can be calculated, thus providing the thermody-
namic driving force for chelation. Converting these
values to ��G°298 (�7.4 kcal mol�1) gives an
excellent agreement with the ��G°298 value of
�7.6 kcal mol�1 by Larson and McMahon from
their ICR experiments [27]. From the ab initio
computations a ��H°298 value of �7.4 kcal mol�1

can be calculated going from rotamer 2/isomer 2 to
rotamer 4 for Cl�((CF2H)2O). It is interesting to
note that for (CF2H)2O the rotational conformer
where the two CF2H groups are staggered relative
to each other is the most stable one, but that the
whole picture of the relative stabilities, as it applies
to the neutrals, is no longer valid in the chloride
ion–ether complex. As expected, formation of two
hydrogen bonds will be more favorable than only one.
The �H° and �S° values for the two di-solvation
equilibria,

Cl�(ether) � etherº Cl�(ether)2 (13)

with ether � CH3OCF3, (CF2H)2O), also seem reason-
able compared to similar systems reported in literature.

Zhang et al. determined as well the thermochem-
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istry for chloride ion clustering on two molecules of
1,3-propanediol,

Cl�(HO(CH2)3OH) � HO(CH2)3OH

º Cl�(HO(CH2)3OH)2 (14)

and found �H° and �S° to be (�20.8 	 0.7)
kcal mol�1 and (�36.2 	 0.3) cal mol�1 K�1, re-
spectively [28].

The data for Cl�((CF2H)2O)2 show a similar trend
as this system, e.g. a decrease in ��H° of approxi-
mately 8 kcal mol�1, and a smaller decrease in �S° of

2 cal mol�1 K�1. Additional hindering of two more
CF2H rotations is the main factor for this larger
negative �S° value. In the Cl�((CF2H)2O)2 cluster the
bonding to chloride ion is so favorable, that it does
seem reasonable that a third (CF2H)2O molecule may
not interact directly with the chloride ion. Instead, this
third solvent molecule will start making up the so-
called second solvation shell. If that is actually true,
hydrogen bonds may be possible. The two that are
most likely to occur would have one, or maybe both,
hydrogen atom(s) interacting with either a fluorine
atom, CF2HOCF2™H . . . F™CFHOCF2H, or the oxy-
gen atom, CF2HOCF2™H . . . O(CF2H)2. It may then
be expected that the �H° and �S° values for the
Cl�((CF2H)2O)2�(CF2H)2Oº Cl�((CF2H)2O)3

clustering equilibria will be substantially less negative
than for the mono- and di-solvation equilibria.

4.3. Experiments versus computations

In general, the agreement between the PHPMS
data for �H° and computational data for �H°298 is
very close, thus adding to the confidence in the
experimental data. From the computational data it
became evident that single point computations using
large basis sets were absolutely necessary to obtain
reliable �H°298 values. It seems that for (CH3)2O,
CH3OCF3, and CF3OCF2H, the HF level of theory in
combination with moderate basis sets like 6-31�G(d)
for Cl, and 6-31G(d) for C, H, F, and O perform well
enough to obtain �S°298 values that are relatively
close to the �S° values from PHPMS. Large disagree-
ment is observed, however especially for

Cl��(CF2H)2Oº Cl�((CF2H)2O). The very large
negative �S° value indicates locking of the CF2H
group rotations upon complexation with Cl�. Similar
values have been obtained for chloride ion clustering
with a series of diols, where bidentate interactions
occur [28]. GAUSSIAN 98 treats the CH3, CF3, and
CF2H group torsional motions as harmonic vibrations.
It would be more accurate to treat these as hindered
rotations. Work by East and Radom on third-law
gas-phase statistical entropies from ab initio compu-
tations seems a proper approach to model �S° more
accurately [50]. This approach has been applied suc-
cessfully by De Turi and Ervin to fluoride ion–alcohol
complexes [60]. Applying this method to the
Cl�((CF2H)2O) system would be very computation-
ally expensive and beyond the scope of this work.
Another source of discrepancy between the experi-
mental PHPMS �S° and the computational �S°298

values is the anharmonicity of the intramolecular
normal mode vibrations. Especially for the two disol-
vated systems investigated, Cl�(CH3OCF3)2 and
Cl�((CF2H)2O)2, many normal mode vibrational fre-
quencies smaller than 200 cm�1 are calculated, that
all contribute largely to the vibrational entropy.

4.4. Vibrational frequencies

Recently Good and Francisco measured the Fou-
rier transform infrared (FTIR) spectra of the three
fluorinated ethers and calculated the normal mode
vibrational frequencies at various levels of theory
[36]. The best agreement (rms error of 2.7%) was
obtained at the B3LYP/6-311 �� G(3df,3pd) level of
theory, and these results were used to assign the
various modes. The HF/6-31G(d) results scaled by
0.8953 in general agree very well. Upon complexation
with chloride ion three new, intramolecular normal
mode vibrations are introduced, and both red- and
blueshifts are observed for the other vibrations al-
ready present the neutral. There is no clear correlation
between the shift in C™H normal mode vibrations,
��(C™H), and �H°298, as was recently observed for
��(RO™H) in X�(HOR) clusters (X � F, Cl, Br, I;
R � CH3, CH3CH2, (CH3)2CH, (CH3)3C) [61]. Vi-
brational predissociation spectroscopy (VPDS) would
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be an excellent tool to investigate the C™H stretches in
the different Cl�(ether) complexes and this would test
the accuracy of the computations [62]. The various,
stable rotational conformers each have a unique set of
normal mode vibrational frequencies.

4.5. Rotational barriers

For CH3OCF3, rotational barriers of 1.20 kcal mol�1

(CH3) and 3.08 kcal mol�1 (CF3) were calculated at
the MP2/2//MP2/1 levels of theory. In the
Cl�(CH3OCF3) complex, rotational barriers of 1.02
kcal mol�1 (CH3) and 2.87 kcal mol�1 (CF3) were
calculated at the MP2/[2/4]//MP2/[1/3] level of the-
ory.

Recently, Good and Francisco calculated the
rotational barriers for the methyl groups in
(CH3)2O, CH3OCF3, (CF2H)2O, and CF3OCF2H at
the B3LYP/6-311 �� (3df,3pd) level of theory
[36]. Values of 2.4, 1.1, 3.6, and 2.9 kcal mol�1,
respectively, were obtained. Except for (CH3)2O
[63], no experimental microwave data are available.
In reality, the rotations of the CH3, CF3, and CF2H
groups in the four molecules will most likely show
coupling of both methyl groups present. This will
give rise to complicated two-dimensional potential
energy surfaces. Very little theoretical work has
been published on the influence of complex forma-
tion on barrier heights of methyl group rotations.
De Turi and Ervin showed that for going from ROH
to F�(HOR) (R � CH3, CH3CH2, (CH3)2CH,
(CH3)3C), only for R � CH3 does the rotational
barrier, calculated at the MP2/6-311 � G(2df,2p)//
MP2/6-31G(d) level, decrease (from 1.1 to 0.3
kcal mol�1) [60]. For the other three alcohol mol-
ecules, the rotational barriers increase around 0.9
kcal mol�1. The main source for the decrease in the
rotational barriers of the CH3 and CF3 groups are
the increases of the C™O and C™F distances, respec-
tively, upon complex formation of Cl� and
CH3OCF3. For Cl�((CH3)2O), no structure for the
so-called staggered-eclipsed conformation was
found, thus making determination of the CH3 bar-
rier in this complex impossible. Of course the
binding in Cl�((CH3)2O) is completely different

from Cl�(CH3OCF3). It does not seem unreason-
able to assume that the barrier for CH3 rotation in
Cl�((CH3)2O) will be somewhat larger than in
(CH3)2O. In Cl�((CF2H)2O) a large increase in the
rotational barrier compared to (CF2H)2O can be
observed, from 1.0 to 7.5 kcal mol�1, thus adding
to the suggestion that the CF2H rotations get locked
in the chloride ion complex.

4.6. Natural population analysis charges

Natural population analysis (NPA) [51] charges
calculated at the MP2/2//MP2/1 level of theory indi-
cated that replacing hydrogen atoms by fluorine atoms
hardly changes the NPA charges on the remaining
hydrogen atom(s). In fact the NPA charge of the
hydrogen atoms in (CF2H)2O and CF3OCF2H are
somewhat less positive than in (CH3)2O. For
CF3OCH3 there is a small increase in the NPA
charges on the three hydrogen atoms relative to
(CH3)2O. The NPA charges in the chloride ion-
(fluorinated) ether complexes were calculated at the
MP2/[2/4]//MP2/[1/3] level of theory. In
Cl�((CH3)2O) no charge transfer from Cl� to the
hydrogen atoms interacting with it is observed. In
fact, the hydrogen atoms interacting with Cl� will
have a smaller NPA charge, while the axial hydrogen
atoms will have a substantially larger NPA charge
(from 0.15e to 0.20e). In the Cl�((CF2H)2O) and
Cl�(CF3OCF2H) clusters more charge transfer from
Cl� can be observed. More interesting is the fact that
a fairly large increase in the NPA of the hydrogen
atom(s) interacting with Cl� is observed. The smallest
increase is, as expected, for Cl�(CH3OCF3), followed
by Cl�((CF2H)2O) (rotamers 1 and 2 more than
rotamer 4), and Cl�(CF3OCF2H). Hardly any changes
in NPA charges are observed on the carbon, oxygen,
and fluorine atoms upon complex formation with
chloride ion.

5. Conclusions

The �H° and �S° values obtained by PHPMS for
chloride ion clustering onto various (fluorinated) ethers
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clearly show the influence of the fluorine substitution
pattern on the thermochemistry. The experimental trends
are confirmed by high level ab initio computations at the
MP2/[2/4]//MP2/[1/3] levels of theory. Structures ob-
tained at the MP2/[1/3] level of theory confirm expected
binding characteristics, and show the existence of vari-
ous stable rotamers and isomers. For the Cl�((CF2H)2O)
cluster formation, a large negative �S° value was ob-
tained that indicates locking of the two CF2H groups in
the complex relative to the free neutral. Standard meth-
ods in the quantum chemical software do not treat these
features properly, and consequently a large discrepancy
between �S° and �S°298 is observed. Good to excellent
agreement is observed between �G°298 values from
these PHPMS experiments and ICR experiments by
Larson and McMahon. It was also shown that there is a
driving force in �H° and not in �S°, but the overall
interaction of Cl� with two hydrogen atoms will be
more favorable than with one. Scaled normal mode
vibrational frequencies calculated at the HF/6-31G(d)
level of theory show good to excellent agreement with
experimental values and computational data from
B3LYP/6-311 �� G(3df,3pd) computations. Finally for
the Cl�(CH3OCF3) cluster it has been shown that at the
MP2/[2/4]//MP2/[1/3] level of theory the rotational bar-
rier for both the CH3 and CF3 groups will be lowered
relative to free CH3OCF3. The observed changes are of
course not unique to ethers. Similar experiments and
computations were performed for chloride ion–(fluori-
nated) acetone clusters, and an even larger variation in
thermochemistry and structure was observed [64].

Acknowledgements

The authors would like to thank the Natural Sci-
ences and Engineering Research Council of Canada
(NSERC) for continuing financial support. One of the
authors (H.J.S.L.) thanks NSERC for an Undergrad-
uate Student Research Award.

References

[1] W. Koch, W. L. Hase, Int. J. Mass Spectrom. 201 (2000) 1.
[2] G. Bouchoux, Y. Hoppilliard, J.-C. Tabet, Int. J. Mass

Spectrom. 199 (2000) 1.

[3] M. T. Bowers, S. Graul, H. I. Kenttämaa, Int. J. Mass
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