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Entropy effects in gas phase ion-molecule association reactions
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Abstract

The kinetics of gas phase reactions of the ions C5H5M+ (M=V, Co, Ni and Ru) with oxygen (Me2CO, Me2O, MeOH,
Me2CHOH, H2O) and nitrogen (NH3, NH2Me, NHMe2, NMe3) donor ligands have been studied by Ion Trap Mass Spectrome-
try. The kinetic data confirm the previously found dependence of the log of the rate constants upon the ligand ionization energy.
To get some insight on the origin of the existing barrier to the reaction some experiments were performed at various temperatures;
it was found that the kinetic constants increased when the temperature decreased. The results are compatible with an entropy
effect on the free energy of activation as also shown by some calculations performed for the reaction of the C5H5Fe+ ion with
water. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The gas phase reactions between a metal containing
ion and a neutral molecule can occur with a wide range
of efficiencies. While a low efficiency can be sometimes
justified on the ground of either the electronic structure
of the metal ion [1] or the reaction mechanism [2], there
are several cases, especially in association reactions, for
which the reasons for low efficiency have not been
ascertained. In a previous paper [3] we reported that the
ion C5H5Fe+ reacts with small ligands by forming
association products, and that the rate constants of its
reactions are influenced by the ionization energy of the
ligands. We now extend this study to other C5H5M+

ions.

2. Results and discussion

2.1. The reactions

As already found with the ferrocene, the reactions of
the ions C5H5M+ in the ITMS in the presence of a
ligand lead to a variety of products. Formation of
(C5H5)2M+ and especially of (C5H5)3M2

+ is always
observed, but at low metallocene pressure in the ion
source these reactions are minimized; it was possible in
most cases to avoid the charge exchange reaction. The
reactions with the ligands L lead usually to the forma-
tion of the corresponding adduct ions C5H5ML+. In a
few cases, ions obtained by loss of small neutrals from
the adduct ions are also present.

The general reaction scheme in the adopted experi-
mental conditions is reported in Scheme 1.

2.2. The kinetics

In the present experimental conditions, the disap-
pearance of the ion C5H5M+ must follow first order
kinetics as was found in all cases, so that a pseudo first
order rate constant can be obtained from the semi-log
plot of the relative abundance of the ion C5H5M+

versus time. However it was necessary to use a quite

Scheme 1. Reaction sequence of the ion C5H5M+ with gaseous
ligands. Where b, c and d are the kinetic constants.
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Fig. 1. Pseudo first order rate constant for the reaction of C5H5Ni+

with NH3 vs. ammonia pressure.

within a series of experiments, these pseudo first order
constants should exhibit a linear dependence on the
ligand pressure. In fact, this was always found. A
typical plot is reported in Fig. 1 for the reaction of
ammonia with C5H5Ni+.

These plots have always an intercept on the y axis,
corresponding to the pseudo constant of the reaction of
the ion C5H5M+ with neutral metallocene. The experi-
mental second order kinetic constants (k1) obtained
from the slopes of these plots are reported in Tables
1–4.

In the same Tables we report the values of the
collision rate constants (kc), evaluated according to the
method put forward by Su and Chesnavich [4] along
with the reactions efficiencies given by the ratio k1/kc. It
is apparent that the reaction efficiencies span a large
range of values: some reactions are highly efficient,
while others are much less so.

It is generally accepted [5] that the overall reaction
between an ion and a neutral

A++B�AB+

can be analysed in terms of the following mechanism:

Table 1
Kinetic data for the reactions of the ion C5H5Co+

kc×109 bk1×109 aMolecule k1/kc

1.99�0.0435 2.06(CH3)2CO 0.969
0.764�0.0264 1.30(CH3)2O 0.586

0.6381.46CH3CH(OH)CH3 0.933�0.0573
0.180CH3OH 0.291�0.018 1.61

H2O 0.01441.950.0287�0.0029
1.22 1.071.30�0.0626(CH3)3N

0.789(CH3)2NH 1.291.02�0.0448
CH3NH2 0.966�0.149 0.6541.48
NH3 0.2490.439�0.0138 1.80

a Rate constants are expressed in cm3 molecule−1 s−1.
b Calculated according to Ref. [4].

Table 3
Kinetic data for the reactions of the ion C5H5V+

k1×109 a k1/kcMolecule kc×109 b

(CH3)2CO 0.7182.081.49�0.141
0.7911.32(CH3)2O 1.04�0.193
0.7481.481.11�0.220CH3CH(OH)CH3

0.333�0.0410CH3OH 1.63 0.205
H2O 0.00761.960.0150�0.0031

1.23 1.061.31�0.91(CH3)3N
0.700�0.172(CH3)2NH 1.30 0.538
0.597�0.0849CH3NH2 1.49 0.401

1.81 0.0756NH3 0.137�0.0410

a Rate constants are expressed in cm3 molecule−1 s−1.
b Calculated according to Ref. [4].

Table 2
Kinetic data for the reactions of the ion C5H5Ni+

k1/kck1×109 a kc×109 bMolecule

0.807�0.166(CH3)2CO 2.06 0.391
0.417�0.0906 1.31 0.319(CH3)2O

1.61 0.113CH3OH 0.183�0.0408
H2O 0.0341�0.0097 1.96 0.017

1.43�0.136(CH3)2NH 1.23 1.16
1.031.48�0.100 1.44CH3NH2

0.1741.810.314�0.0348NH3

a Rate constants are expressed in cm3 molecule−1 s−1.
b Calculated according to Ref. [4].

high cooling time to assure the thermalization of the
reacting ions; lower cooling time gave rise to semi-log
plots with a marked upward curvature which is due to
a nonhomogeneous distribution in energy of the ions
formed by electron ionization; this suggests that ions
with a high energy content form encounter complexes
which cannot efficiently dissipate the internal energy
before redissociation. According to the reactions de-
picted in Scheme 1, the disappearance of the ion
C5H5M+ is a consequence of two competitive reactions,
so that this pseudo first order constant is kps=b [metal-
locene]+c [L]. Since the pressure of the metallocene
was kept constant while the pressure of L was changed

Table 4
Kinetic data for the reactions of the ion C5H5Ru+

k1×109 a k1/kcMolecule kc×109 b

0.3990.787�0.0524 1.97(CH3)2CO
1.26 0.4930.621�0.0655(CH3)2O

1.49�0.110CH3CH(OH)CH3 1.40 1.07
CH3OH 0.0654�0.0089 1.55 0.0421

0.00251.920.00488�0.00061H2O
1.33�0.0928 1.081.23(CH3)2NH
1.66�0.131CH3NH2 1.44 1.16

NH3 0.0990�0.0143 1.78 0.0557

a Rate constants are expressed in cm3 molecule−1 s−1.
b Calculated according to Ref. [4].
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Fig. 2. Rate constants vs. ligand ionization energies for the reactions
of C5H5Co+.

The high He pressure and the long cooling time used
in every kinetic run should assure that the saturation
limit for the collision stabilization process is reached;
this was discussed in Ref. [3] where it was found that
any increase of the He pressure beyond 3.5×10−2 Pa
did not influence the rate constant. During this work
occasional checks for this point have been made and it
was always found that a decrease of the He pressure
and/or the cooling time caused a decrease in the reac-
tion rate while increasing these two parameters has no
effect on the reaction rate. The invariance of the ob-
served second order rate constant with the buffer gas
pressure has been considered a proof that the high
pressure regime has been attained [7–11].

A definite trend can be found in the rate constants.
As already found for the association reactions of
C5H5Fe+ with O- and N-donor ligands, the rate con-
stants increase as the ionization energies of the ligand
decrease. Furthermore, it now appears that in some
cases the reduction of the ligand ionization energy leads
to an efficiency equal to 1 and a further decrease of the
ionization energy does not influence the rate constant
(see the reactions of C5H5Ni+ and C5H5Ru+ with the
nitrogen donor ligands; for these two ions the reactions
with NMe3 were not studied because it was assumed an
efficiency equal to one for their reactions.). Once again
the ln of the rate constants is linearly correlated with
the ligand ionization energy; a typical plot is shown in
the Fig. 2 for the ion C5H5Co+. A correlation can also
be observed between the ln of the rate constants and
the ligand proton affinities; this is not surprising since
the proton affinity and the ionization energy are related
quantities; slightly better correlation coefficients are
however found for the regression lines of the first kind
of plots.

An F-test [12] has been carried for the homogeneity
of the regression coefficients of these plots. According
to this test, the slopes obtained for the oxygen donor
ligands can be considered equal regardless of the
metals; the same result was found for the nitrogen
donor ligands. Therefore, it seems that the above effect
is mainly due to the ligand and in particular to the
availability of the molecular orbital which is responsible
for the first interaction with the C5H5M+ ion.

In the ion source of the ITMS only exothermic
reactions can be observed and those examined in this
study must be of this type, since the interaction of an
ion with a polar molecule is attractive in nature. It can
be surmised that the low efficiencies found for several
reactions are not due to an enthalpy effect. The possi-
bility of an entropy effect on the reactions can be
considered. To elucidate this particular aspect, some of
the above reactions were performed at various tempera-
tures. The results are reported in Tables 5–7 along with
the reaction efficiencies.

Table 5
Temperature effect for the reaction of C5H5Fe+ with H2O

k1×1010 a kc×1010 bTemperature (K) k1/kc

5.23�0.93 21.8 0.240323
373 0.1753.54�0.57 20.6
398 20.0 0.0921.85�0.378

19.6 0.0120.23�0.12423

a Rate constants are expressed in cm3 molecule−1 s−1.
b Calculated according to Ref. [4].

where: k1 is the bimolecular rate constant for the colli-
sional complex formation; k−1 is the unimolecular
redissociation rate constant; kr is the unimolecular rate
constant for the radiative stabilization reaction; kc is
the bimolecular rate constant for collisional stabiliza-
tion of [AB+]* by collision with neutral M and � is the
collisional stabilization efficiency. In our system M is
the buffer gas He and the ligand L. The He pressure is
always much greater then the L pressure (their ratio is
usually greater then 100) so that, even if the efficiency
of He in the collisional stabilization process is pre-
sumably lower then that of L [6], it seems possible to
assume that the collision stabilization process is entirely
due to He. From the above mechanism, by using the
steady state approximation on the intermediate [AB+]*,
the rate of disappearance (�) of the ion A+ is obtained
as

�=
k1kc� [He][B][A+]

k−1+kc� [He]+kr

+
krk1[B][A+]

k−1+kc� [He]+kr

Now, at high He pressure (so that kc�[He]� �
k−1+kr), the previous equation reduces to

�=k1[A+][B]

so that the observed second order rate constant is
simply equal to k1.
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The data reported in these last Tables indicate an
anti-Arrhenius behaviour, with the rate constants in-
creasing when the temperature is decreasing. This kind

of rate constant dependence on the temperature is
frequently found in gaseous phase ion molecule associa-
tion reactions but it was found only in the low pressure
regime [7,8,13]. In this case, the overall association rate
constant contains the equilibrium constant between re-
actants and the excited complex, and the temperature
effect on the overall rate constant is mainly due to the
effect on the equilibrium constant. However, as previ-
ously noted, our data are taken under the condition of
the high pressure limit, so that the above explanation
should not hold. The data seem to indicate the possibil-
ity of a limiting value for the reaction efficiency at low
temperature. The plot of ln(k1/kc) versus T reported in
Fig. 3 for the reaction of C5H5Fe+ with methanol
seems significant to this regard.

This trend recalls that reported by Bohme et al. [14]
and more recently by Bouchoux et al. [15] for proton
transfer reactions. In those papers a high efficiency for
highly exoergic proton transfer is reported but the
efficiency decreases as the proton transfer approaches
thermoneutrality; and a linear relationship was found
between the ln of the reaction efficiency and the reac-
tion free energy variation for moderately endoergic
reactions. The reaction entropy variation should be
negative for the reactions studied in this paper. There-
fore, the free energy variation of the reaction should
become less negative as the temperature increases.
However a low reaction efficiency is expected only for
slightly exoergic reactions (�G‡� −20 kJ mol−1) but
the high exothermicity of the present association reac-
tions should prevent the possibility that the reaction
free energy variation approaches to zero, suggesting
that this model is not applicable to the present results.

In the attempt of gaining a sounder explanation for
the present experimental results we resorted to perform
some calculations on the simplest system: the reaction
of water with C5H5Fe+. The study of the H2O+
FeC5H5

+ reaction was begun by determining, on the
reaction energy hyper-surface, the critical points corre-
sponding to the FeC5H5

+ and H2O�FeC5H5
+ structures

(Fig. 4; the more important optimum interatomic dis-
tances are reported in ångströms).

Calculations were carried out with the spin multiplic-
ities 1, 3, and 5. The quintet results to be the more
stable spin state, being 43.9 or 66.9 kJ mol−1 lower
than the triplet, for FeC5H5

+ and H2O�FeC5H5
+, re-

spectively. The triplet is in turn 88.3 or 74.5 kJ mol−1

more stable than the singlet, again in the FeC5H5
+ and

H2O�FeC5H5
+ cases. (In the naked Fe++ ion these

differences are significantly larger, the quintuplet being
more stable than the triplet by 249 kJ mol−1, and the
triplet 653 kJ mol−1 more stable than the singlet). The
complexation reaction is quite exoergic, by 225.5 kJ
mol−1 for the quintet multiplicity (by 202.5 and 216.7
for the triplet and singlet multiplicities, respectively).
Only the quintet energy profile was studied further. No

Table 6
Temperature effect for the reaction of C5H5Fe+ with CH3OH

k1/kckc×109 bTemperature (K) k1×109 a

1.56�0.266 1.77323 0.881
1.56�0.160348 1.73 0.901

373 0.7371.691.25�0.171
398 0.4571.650.756�0.0836

0.1831.620.296�0.0286423
0.129�0.0314 0.0826473 1.56

a Rate constants are expressed in cm3 molecule−1 s−1.
b Calculated according to Ref. [4].

Table 7
Temperature effect for the reaction of C5H5Ru+ with CH3OH

k1/kckc×1010 bk1×1010 aTemperature (K)

323 17.03.95�0.373 0.232
373 16.22.86�0.305 0.176

0.042115.5423 0.654�0.089
14.9 0.0228473 0.341�0.0739

a Rate constants are expressed in cm3 molecule−1 s−1.
b Calculated according to Ref. [4].

Fig. 3. Ln(k1/kc) vs. temperature for the reaction of C5H5Fe+ with
methanol.

Fig. 4. The DFT(B3LYP)/LANL2DZ optimized structure of the
complex between water and FeCp+. The main interatomic distances
are reported in angstrom.
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Fig. 5. The energy (dashed line) and free energy (solid lines) profiles
for the association of H2O and FeCp+. Three free energy profiles
corresponding to different temperatures are displayed: two of them
(thick lines) can be compared with the experiments discussed in the
text, the third one (thin line) is just computed.

reaction profile (Fig. 5) some additional points were
determined in correspondence to selected interfragment
O�Fe distances, by optimizing all the other geometrical
parameters.

For all stable structures, a vibrational analysis was
carried out, in order to estimate the enthalpy, the
entropy contributions, and to get an approximate free
energy profile. The imaginary frequency corresponding
to the reaction coordinate was discarded in computing
the vibrational contribution to the entropy. Some oscil-
lations in the frequency values of important low-fre-
quency vibrations occurred in correspondence to the
O�Fe distance range 7–9 A� . Obviously, these dis-
turbing fluctuations bring about corresponding varia-
tions in the vibrational contributions to the entropy for
the relevant modes. This problem was addressed by
Baboul and Schlegel [16], who suggested to define very
accurately the optimum geometry along the reaction
path in order to avoid such fluctuations. Unfortunately
very long optimization runs were unaffordable to us
with this system. Therefore, considering that the points
in the distance range mentioned are probably of limited
interest, we preferred to eliminate these data.

The complexation exothermicity is reduced by a tem-
perature increase, as shown in Fig. 6.

The overall entropy change, in going from the sepa-
rated moieties to the complex, is −112.5 J mol−1 K−1

at T=323 K, or −110.9 J mol−1 K−1 at T=423 K,
showing a small implicit dependence on T. But the
reaction �G changes more significantly, from −177.8
to −165.7 kJ mol−1, obviously due to the direct
dependence on T of the entropic term. This explicit
dependence dictates also the change in �G of activation
as a function of the temperature, and is significant
enough to introduce some free-energy overhead on the
reaction profile. A modest hump is thus present in the
G profile, ca. 8–12 kJ mol−1 high with respect to the
dissociation limit. It occurs in correspondence to a
O�Fe distance of 5.5 A� (the optimum O�Fe distance in
the complex is 2.0 A� ). In Table 8 the enthalpy, entropy,
and free energy at an O�Fe distance of 5.5 A� are
collected, in correspondence to six different tempera-
tures. Even if the results of these calculations should be
considered only qualitative in nature, they point in the
direction of an entropy effect on the reaction efficiency.

Fig. 6. Contributions from the �H‡ (diamonds) and −T�S‡

(squares) terms to the free energy barrier �G‡ (triangles) for the
association of H2O and FeCp+, reported for temperatures ranging
from 323 to 523 K.

transition structure, along the complexation pathway of
the two molecules, was detected on that energy hyper-
surface. Therefore, in order to obtain an approximate

Table 8
Enthalpy, entropy, and free energy differences at a distance rOFe=5.5 A� , relative to the separated H2O and FeCp+ moieties

−�S (J mol−1 K−1)�H (kJ mol−1)Temperature (K) �G (kJ mol−1)−T�S (kJ mol−1)

−24.18 0.075 24.24 0.04323
−23.22 0.074373 27.63 4.40

29.29 6.25398 −23.04 0.073
0.073−22.86 30.95 8.08423

34.21 11.72473 −22.49 0.072
15.3237.420.071523 −22.10
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Fig. 7. Pictorial representation of the most prominent vibrational
contributions to the entropy change in going from the separate
reactants to the oxygen– iron distance of 5.5 A� . Each number associ-
ated to a vibrational mode represents a contribution to �S (in cal
mol−1 K−1).

tion reactions should parallel the trend of the bond
dissociation energies.

In this way the variation of the reaction efficiency in
the reactions of the C5H5Ni+ ion can be explained since
the ligands with lower ionization energy are those with
a more pronounced well in the energy profile of the
reaction and in these cases the entropy effect is not able
to make positive the overall free activation energy.

In addition, it is very likely that the order found for
the C5H5Ni+ ion holds also for the other ions, since in
several metal ion systems the order of the M�L+ bind-
ing energy is the same [18–23]. Thus, the above effect
should hold for all the reactions studied so affording a
qualitative explanation of the results. Entropy effects
have recently [24–28] used in assessing thermodynamic
quantities obtained by the kinetic method but to our
knowledge they have not been previously invoked in
connection with the low efficiencies often found in gas
phase ion molecule reactions. The present results are
however in line with the many studies on gaseous phase
radical reactions; in these reactions, which proceed with
very low or zero activation energy, anti-Arrhenius be-
haviour [29–32] as well as negative activation entropy
[33–35] are often found. In effect negative activation
energy is usually taken as a proof of an association rate
determining [31] step also in reactions involving some
bond breaking; however, since this kind of reactions are
more commonly studied in the low pressure region, this
behaviour is usually related to an effect on the equi-
librium constant [36] for the association step. We feel to
have now given evidence of a direct effect of the
activation entropy on the reaction rate constant.

3. Experimental

Measurements have been done with a Finnigan Ion
Trap Mass Spectrometer (ITMS). The general proce-
dure to obtain kinetic data is as follows. The metal-
locenes are introduced in the ion trap via the direct
insertion probe, while helium and the ligand (L) are
introduced in the mass spectrometer via two different
standard gas inlet devices. The metallocene pressure
was usually around 8×10−5 Pa, the He pressure was
kept constant at 3.5×10−2 Pa. The pressure of the
ligands changed between about 7×10−6 and 3×10−4

Pa. The effective range for each ligand being deter-
mined by the reaction rate. The ion C5H5M+ is formed
by electron ionization with an ionization time of 10 ms
at a starting m/z=100; in this way ions of lower mass
are ejected from the ion source. The ion is then cooled
for 50 ms and, after the isolation with the apex tech-
nique [37], several spectra are acquired at different
reaction times. The scan function is shown in Fig. 8.

The reaction time is changed by software. Usually
two spectra are collected at each reaction time for a
total of 26–30 spectra in a time range sufficient to

Fig. 8. Scan function used to obtain the kinetic data: (A) ionization;
(B) cooling time; (C) isolation step; (D) reaction time; (E) scan start;
(F) spectrum acquisition.

In Fig. 7 the most important vibrational contribu-
tions to the entropy change that occurs when the two
moieties are brought together (from a large O�Fe dis-
tance to ca. 5.5 A� ) are displayed. The overall vibra-
tional contribution to the estimated �S‡ is −11.7 j
mol−1 K−1. It must be observed, however, that the
rotational contribution is ca. −32.2 j mol−1 K−1.

According to this hypothesis the reaction efficiency
depends on the reaction thermodynamics. There are
two factors which govern the free activation energy: the
reaction exothermicity and the entropy of activation;
these two factors act in opposition each other; since the
entropy effect is rather small it can be observed only
with the less exothermic reactions. The existing data on
the C5H5M�L+ bond dissociation energies are not ex-
tensive. However, data are available [17] for the
C5H5Ni+ ion, which show that the bond dissociation
energy increases on going from ammonia to the methy-
lamines and that the bond dissociation energies of the
oxygen donor ligands are lower than those of the
nitrogen donor ligands. The exothermicity of the addi-
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reduce the relative intensity of the ion C5H5M+ from
100% to about 10–5%. The relative intensity of this last
ion was calculated with respect to the total ion intensi-
ties. In the adopted experimental conditions the ligand
pressure, in a single kinetic run, is constant so that the
disappearance of the ion C5H5M+ must follow first
order kinetics. From the plots of the ln of its relative
intensity versus reaction time the pseudo first order rate
constants can be obtained.

The gas pressure was monitored with a Bayard–
Alpert gauge; the corrections for the different gauge
sensitivity have been made by using literature ioniza-
tion cross sections when available [38–40]. In the ab-
sence of these data, as in the case of trimethyl- and
dimethylamine, the ionization cross section has been
estimated by using the relation between the polarizabil-
ity and the cross section [39] and the postulate of
atomic cross section additivity [41]. In this last case a
fair agreement was found between the two calculated
values. Kinetic data have been checked for homogene-
ity by using the F-test; reported uncertainties in the
Tables are the standard errors [42]; those last values
indicate the high reproducibility of the measurements
while the precision of the kinetic constant values
strongly depend upon the pressure measurements and
an uncertainty of about 25% is reasonable for the
kinetic constants.

3.1. Theoretical method

Density functional theory (DFT) [43] was used
throughout, in conjunction with the hybrid exchange-
correlation functional made up by the three-term ex-
change functional propounded by Becke (B3) [44], and
by the correlation functional of Lee, Yang, and Parr
(LYP) [45]. The study of the H2O+FeCp+ reaction
was performed by determining, on the reaction energy
hypersurface, the critical points corresponding to the
FeCp+ and H2O�FeCp+ structures. No transition
structure for the association of the two moieties was
found. To obtain an approximate reaction energy
profile, some extra points were defined in correspon-
dence to fixed interfragment O�Fe distances, by uncon-
strained optimizations in the subspace of the remaining
parameters. All these structures were fully optimized by
gradient procedures [46] at the DFT(B3LYP) theory
level, using the LANL2DZ basis set [47]. This is made
up by a double-� Huzinaga–Dunning gaussian basis set
[47a] on the C, O, and H atoms, while on Fe it contains
effective core potentials with relativistic terms for the
inner electrons, and a double-� basis for the outer
electrons, whereas the outermost core orbitals are ex-
plicitly introduced through a double-� basis, as the
valence electrons [47b]. For the stable structures and
the additional structures at fixed O�Fe distances, a
vibrational analysis was carried out, in order to esti-

mate the entropy contributions and the free energy
profile. All calculations were carried out using the
GAUSSIAN-98 system of programs [48].

Acknowledgements

The authors gratefully acknowledge the financial sup-
port to this work provided by the University of Torino,
the University of Bologna, and the MURST (Cofi-
nanziamento 1997, national project ‘Reattività e Strut-
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