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The effect of several imidazolium-based ionic liquids on the rate and mechanism of the substitution reaction of
[Pt(terpyridine)Cl]+ with thiocyanate was investigated as a function of thiocyanate concentration and temperature
under pseudo-first-order conditions using stopped-flow and other kinetic techniques. The obtained rate constants
and activation parameters showed good agreement with the ion-pair stabilization energies between the anions of
the ionic liquids and the cationic Pt(II) complex derived from density-functional theory calculations (RB3LYP/
LANL2DZp) and with parameters derived from the linear solvation energy relationship set by the Kamlet-Taft �
parameter, which is a measure of a solvent’s hydrogen bonding acceptor ability. In general, the substitution reactions
followed an associative mechanism as found for conventional solvents, but the observed rate constants showed a
significant dependence on the nature of the anionic component of the ionic liquid used as solvent. The second
order rate constant measured in [emim][NTf2] is 2000 times higher than the one measured in [emim][EtOSO3]. This
difference is much larger than observed for a neutral entering nucleophile studied before.

Introduction

The properties of ionic liquids (ILs) and their advantages
and disadvantages are presently discussed extensively in
terms of different kinds of possible applications.1-3 Their
applicability in new technologies is being investigated, and
some applications are already realized,4-6 whereas others
may most probably never reach an implementation.7 They

are already used in homogeneous catalysis, as medium or
as co-reactant, increasing the turnover or selectivity of such
reactions. This gives rise to the question whether ILs do more
than just serve as another solvent. Can they influence
chemical reactions, and if so how, since some groups have
reported an increase in reactivity, a changeover in mecha-
nism, or a complete inhibition of the reaction.8 A further
interesting aspect is the development of chiral ILs that can
possibly facilitate the control of product chirality just by use
of the right IL.9 Our goal is to quantify possible mechanistic
changes and the origin of these changes when a typical
reaction of a metal complex, extensively studied in conven-
tional solvents before, is transferred into an IL. Since ILs
differ significantly in their properties (viz. viscosity, melting
point, coordinative properties, etc.), we selected four ILs with
different solvent properties as summarized in Table 1. In
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this way we should be able to detect essential differences
between conventional solvents and ILs, and between different
ILs in which only their anionic component is varied. The
selected ILs are among the best studied to date and readily
available. The purity of the ILs used was considered to be
very important, since we found the solubility of reactants
and their reaction rate to be very sensitive to even small
quantities of impurities. For a test reaction to study the
influence of ILs on typical substitution reactions of metal
complexes in solution, it was desirable to select a simple,
single step reaction for which no reverse, subsequent, or
parallel reactions occur, to simplify the study and the
interpretation of the data. In this way possible deviations
from the expected substitution behavior of square planar
complexes should be immediately noticeable. We selected
a Pt(II) complex (see Figure 1) that was, along with some
derivatives, studied in our group before in many different
solvents and for various entering nucleophiles.11,12

The complex has a labile Pt(II) center because of the
influence of the π-acceptor properties of the terpyridine
chelate by which electron density is drawn away from the
metal center to make it more electrophilic and to enhance a
nucleophilic attack by the entering ligand. On the basis of
our earlier results, we expect a rapid displacement of chloride
by a strong nucleophile such as thiocyanate that should
proceed via an associative mechanism as it was found for

the systems studied so far.11 The selected complex can
therefore serve as a benchmark for other solvent systems
that have not been studied before.

In a first study12 we investigated the substitution reaction
for a neutral entering ligand thiourea, observed a correlation
between the stabilization of the cationic metal complex and
the observed reaction rate, and observed a correlation with
the � parameter derived from the linear solvation energy
(LSE) relationship set by Kamlet-Taft.13 Thus, the attack
by the uncharged nucleophile was affected by the properties
of the ILs. We have now extended this work to the anionic
nucleophile thiocyanate. The influence of ILs on a negatively
charged nucleophile is expected to be even larger because
the transition state of the substitution reaction involves charge
neutralization which should be less favored in a solvent
consisting of charged ions and could lead to a decrease in
the reaction rate. Furthermore, a solvation shell consisting
of negatively charged ions could form around the electro-
philic complex and lead to repulsion of the entering charged
nucleophile. And finally, the entering nucleophile could be

(10) (a) MacFarlane, D. R.; Golding, J.; Forsyth, S.; Forsyth, M.; Deacon,
G. B. Chem. Commun. 2001, 1430–1431. (b) Bonhôte, P.; Dias, A.;
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Table 1. ILs Used in This Study and Some of Their Physical Properties10

Figure 1. Schematic structure of chloro(2,2′:6′,2′′-terpyridine)platinum(II)
chloride, [Pt(ppp)Cl]Cl.
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highly solvated by the solvent molecules, since they are also
charged ions, thus decreasing the nucleophilicity of the
nucleophile and as a result, the reaction rate.

If one or more of these effects show up, we should be
able to observe even larger differences than in the case of
thiourea when compared to the behavior in aqueous me-
dium.11 Differences between the different ILs employed
should also show up and enable us to estimate from which
specific parameters or properties these differences originate.

Materials and Methods

Materials. All chemicals used were of analytical reagent grade
and of the highest purity commercially available. NaSCN was used
as a source for thiocyanate. The methanol used for kinetic
investigations was purchased from Merck KGaA (Uvasol) with a
water content of <200 ppm. The [Pt(ppp)Cl]Cl complex was
synthesized and characterized as described in the literature.14 The
organic solvents used for the preparation of the ILs were dried as
described in the literature.15

Synthesis of the ILs. All operations were performed under
nitrogen atmosphere. [emim][NTf2] was synthesized according to
an anion metathesis procedure described in the literature.16

[emim]Br and Li[bta] were obtained from Solvent Innovation, and
[emim]Br was purified twice by recrystallization (before the
metathesis reaction) and was obtained as white solid. The synthe-
sized [emim][NTf2] was treated with activated charcoal and dried
under vacuum. [emim][OTf] and [emim][dca] were obtained from
Solvent Innovation and purified before use by treating them with
activated charcoal, drying under vacuum for 3-4 days, and finally
storing them over a molecular sieve. [emim][dca] had to be cleaned
of Na[dca] leftovers from the synthesis. This was achieved by
addition of a 3-fold excess of dry dichloromethane to the liquid to
precipitate Na[dca] and subsequent filtering. [emim][EtOSO3] was
also obtained from Solvent Innovation and dried under vacuum for
10 days before use. The water content determined by Karl Fischer
titration was found to be 50-70 ppm in the case of [emim][NTf2],
50 ppm for [emim][OTf], and 70 ppm for [emim][dca]. The water
content of [emim][EtOSO3] was adjusted to 1500 ppm to reduce
the viscosity of the highly viscous IL.

Recently, a question was raised regarding the spontaneous
decomposition of the [EtOSO3]- anion in [emim][EtOSO3] that
leads to ethanol and hydrogensulfate.17 It was reported that during
long-term storage this saponification reaction can lead to a
hydrogensulfate content of up to 26%. As the presence of
hydrogensulfate anions could significantly affect the properties of
the IL (such as viscosity or solubility of substrate), the hydrogen-
sulfate concentration in the IL used throughout this study was
determined using ion chromatography and NMR methods (see
Supporting Information, Figure S1and S2). The NMR spectra
showed no decomposition of the ethylsulfate anion and no formation
of ethanol. The ion chromatogram18 showed a sulfate concentration

of only 2 ppm, which is negligible and argues against decomposition
of the ethylsulfate anion under our reaction conditions. This may
be related to our storage conditions that excluded humidity under
a permanent atmosphere of dry nitrogen.

Density-Functional Theory (DFT) Calculations. All structures
were fully optimized using the B3LYP hybrid density func-
tional19-21 and the LANL2DZ basis set augmented with polariza-
tion functions further denoted as LANL2DZp,22-27 and character-
ized as minima or transition state structures by computation of
vibrational frequencies (for minima, all frequencies are positive,
NImag ) 0). The influence of bulk solvent was probed by single
point calculations using the CPCM formalism28 with water as
solvent, that is, B3LYP(CPCM)/LANL2DZp//B3LYP/LANL2DZp.
All energies were corrected for zero point energies. The Gaussian
03 suite of programs was used throughout.29

Instrumentation and Measurements. Karl Fischer titrations
were done on a 756 KF Coulometer. Elemental analyses (Euro EA
3000 (Euro Vector) and EA 1108 (Carlo Erba)), and NMR
spectroscopy (Bruker Avance DRX 400WB FT-spectrometer) were
used for chemical analysis and compound characterization, respec-
tively. The UV-vis spectra of the studied ILs were recorded on a
Varian Cary 1G spectrophotometer equipped with a thermostatted
cell holder. For kinetic measurements on fast reactions, a Durrum
D110 (Dionex) stopped-flow instrument was used. The temperature
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of the instruments was controlled within an accuracy of (0.1 K.
For kinetic measurements on slow reactions in the case of
[emim][EtOSO3], a Varian Cary 1G spectrophotometer equipped
with a thermostatted cell holder was used. Thiocyanate was selected
as an entering nucleophile since its high nucleophilicity should
prevent a possible back reaction as in the case of thiourea.30 The
ligand substitution reactions were studied under pseudo-first-order
conditions by using at least a 10-fold excess of SCN-. All listed
rate constants represent the average value of at least six kinetic
runs in the case of the stopped-flow experiments and four kinetic
runs in the case of the slow reactions measured in tandem cuvettes
on the UV-vis spectrophotometer.

Preparation and Analysis of the Measurements. All test
solutions of ILs where degassed prior to the measurements to
prevent formation of gas bubbles. The Pt(II) complex was added
to the ILs and stirred overnight for all the ILs. The complex
concentration was throughout around 0.3 mM in all ILs. NaSCN
dissolved readily in the ILs used. Since the ILs consist entirely of
cations and anions, no ionic strength adjustment was made.

In the methanolic solutions the ionic strength was adjusted to
100 mM by addition of LiCF3SO3. A pH value of 2 was obtained
by addition of CF3SO3H to prevent formation of the alcoholate
complex. The Pt(II) complex had a concentration of 0.05 mM in
the methanolic solution, and a 10-fold excess of LiCl (0.5 mM)
was added to prevent spontaneous hydrolysis of the complex. The
kinetic traces obtained were fitted with Origin 7. The kinetic traces
recorded in the ILs with [dca]-, [TfO]- and [EtOSO3]- anions fitted
very well to a single-exponential function, in line with the predicted
pseudo-first-order behavior of reaction 1. The kinetic traces recorded
in [emim][NTf2] and methanol showed a subsequent slow reaction
and had to be fitted with two exponential functions to correct for
this.

Results and Discussion

Since polarity plays an important role in all substitution
reactions involving metal complexes,31 we correlated our data
with polarity parameters obtained from a recent study by
Spange et al.32 They used the polarity parameter �, derived
from the linear solvation energy (LSE) relationship set by
Kamlet-Taft, as a measure for hydrogen bond acceptor
basicity, for a series of different imidazolium-based ILs,
including the four ILs used in this study. Although this
parameter was measured for ILs with [bmim]+ cations, the
difference with our systems including the [emim]+ cation
should only be marginal as the alkyl side-chain should not
interfere with the hydrogen bond acceptor ability. To
compare the measurements done in ILs with measurements
in conventional solvents, the measurements were also
performed in methanol, as a representative example for a
molecular, protic solvent. The literature value for the �
parameter of methanol is 0.66, but since a different set than
the commonly used set of solvatochromic dyes was used to
determine this value for the ILs, we calculated the �
parameter for methanol according to the reported equation,32

using literature data for the absorption of the used dye in

methanol measured elsewhere,33 and found a value of 0.50
for the � parameter of methanol. This parameter was used
throughout for a better comparison with the values deter-
mined for the ILs, since there are large differences in these
empirical values depending on the set of dyes used.32,34,35

A detailed kinetic study of the substitution reaction of the
[Pt(ppp)Cl]Cl complex (Figure 1) with SCN- as entering
nucleophile was performed in the ILs [emim][NTf2], [emim]
[dca], [emim][OTf], [emim][EtOSO3], and in methanol. The
overall reaction is given in eq 1.

[Pt(ppp)Cl]++ SCN- y\z
k2

k-2

[Pt(ppp)SCN]++Cl- (1)

During the substitution process a neutral transition-state
is formed. As ILs are highly charged solvents, a direct
influence on the rate and activation parameters should be
observed. The reaction was studied as a function of the
nucleophile (SCN-) concentration and temperature to de-
termine the rate constants (k2 and k-2) and the activation
parameters (∆Hq and ∆Sq). The solvent dependence of
reaction 1 was studied by dissolving the isolated complex
in the selected solvents and determining the rate constants
and activation parameters for the reaction with thiocyanate
in each solvent. Typical examples of the observed spectral
changes and kinetic traces are shown in Figures 2 and 3,
respectively. The spectral changes, examples for kinetic
traces, and concentration and temperature dependences for
the other ILs are reported in Supporting Information, Figures
S3 to S11. The overall spectral changes were found to depend
on the IL used. The wavelengths used for kinetic measure-
ments are listed in Table 2.

The kinetic traces recorded in the ILs with [dca]-, [TfO]-,
and [EtOSO3]- anions fitted very well to a single-exponential
function, in line with a pseudo-first-order behavior of reaction
1 (see Figure 3). The kinetic traces recorded in [emim][NTf2]
and methanol showed a subsequent reaction and had to be
fitted with a two-exponential function to correct for this (see
Supporting Information, Figures S6 and S7). The subsequent
reaction is considerably slower than the first substitution
process and does not interfer with the first reaction. As the
second reaction also showed a dependence on the SCN-

concentration (see Supporting Information, Figures S12 and
S13), it could involve a second substitution step similar to
reactions of different Pt(II) complexes with N-donor chelate
ligands, where strong sulfur containing nucleophiles like
thiourea or L-methionine are able to substitute the chelate
partially or completely.36 The calculated structure of a doubly
substituted complex where one of the pyridine rings of the
chelate is bent away from the plane, is given in Figure 4.

The square-planar geometry of the [Pt(ppp′)(SCN)2]
complex is slightly distorted. The calculations predicted the
conformation with a ring-opened terpyridine chelate to be
about 25 kJ/mol more stable than the 5-fold coordinated

(30) Schießl, W. C.; Summa, N. K.; Weber, C. F.; Gubo, S.; Dücker-Benfer,
C.; Puchta, R.; van Eikema Hommes, N. J. R.; van Eldik, R. Z. Anorg.
Allg. Chem. 2005, 631, 2812.

(31) Reichardt, C. SolVents and solVent effects in Organic chemistry, 3rd
ed.; Wiley-VCH: New York, 2003.

(32) Lungwitz, R.; Spange, S. New. J. Chem 2008, 32, 392–394.

(33) Gorman, A. A.; Hutchings, M. G.; Wood, P. D. J. Am. Chem. Soc.
1996, 118, 8497–8498.

(34) Spange, S.; Prause, S.; Vilsmeier, E.; Thiel, W. J. Phys. Chem. B 2005,
109, 7280–7289.

(35) Crowhurst, L.; Mawdsley, P.; Perez-Arlandis, J.; Salter, P.; Welton,
T. Phys. Chem. Chem. Phys. 2003, 5, 2790–2794.
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transition state. The theoretically possible dechelation at the
inner pyridine position leading to [Pt(pp′p)(SCN)2] was not
observed during the calculations. This is in accordance with
the expectation that dechelation will occur at one of the end
pyridine groups because of the stability of the partially
chelated ligand.

The calculated pseudo-first-order rate constants for reaction
1 were plotted against the thiocyanate concentration and
showed a linear dependence with a negligible intercept for
all solvents studied. Typical plots are presented in Figure 5,
from which it can be concluded that k-2 ≈ 0, which means
that no meaningful back reaction occurrs.

The observed rate constant can be expressed as a function
of the concentration of the entering ligand, namely, kobs )
k2[SCN-], where k2 is the second-order rate constant for the
forward reaction in equation 1. The values of k2 for the
substitution of chloride by thiocyanate in [Pt(ppp)Cl]+ in
different ILs are summarized in Table 3. For comparison,
this table also contains kinetic data for the investigated
reaction in methanol. Measurements in water were not
possible because the complex is not soluble in an aqueous
medium containing other salts to adjust the ionic strength.
The activation parameters (∆Hq and ∆Sq) for k2, determined

from the temperature dependence studies (see typical ex-
amples shown in Figure 6), are also included in Table 3.

The k2 values for reaction 1 determined in the ILs differ
by 3 orders of magnitude and are at least ten times smaller
than in methanol. In general the decrease in k2 is ac-
companied by an increase in both ∆Hq and ∆Sq. They are
also at least five times smaller than the k2 values reported
for the reaction with thiourea in the same solvents.12 The
largest difference is found for [emim][EtOSO3], where the
reaction with thiourea is 1300 times faster than the reaction
with thiocyanate.

A certain deceleration of the reaction rate on changing
from a neutral to a negatively charged nucleophile was
expected on the basis of the Hughes-Ingold rules.37,38 If
the metal complex and the nucleophile are of opposite charge,
the transition state for an associative mechanism is neutral
and thus less favored in a solvent that has a high ionic
strength. A destabilizing effect arises from the partial or
complete desolvation during the formation of the transition
state from the charged nucleophile and complex, which are
normally well solvated in solutions of high ionic strength

(36) (a) Summa, N.; Schiessl, W.; Puchta, R.; van Eikema Hommes, N.;
van Eldik, R. Inorg. Chem. 2006, 45, 2948–2959. (b) Appleton, T. G.;
Connor, J. W.; Hall, J. R. Inorg. Chem. 1988, 27, 130–137. (c)
Norman, R. E.; Sadler, P. J. Inorg. Chem. 1988, 27, 3583–3587.

(37) Ingold, C. K. Structure and Mechanism in Organic Chemistry, 2nd
ed.; Cornell University Press: Ithaca, NY, 1969; p 457 ff.

(38) (a) Hughes, E. D.; Ingold, C. K. J. Chem. Soc., 1935, 244; Trans.
Faraday Soc. 1941, 37, 603-657. (b) Cooper, K. A.; Dhar, M. L.;
Hughes, E. D.; Ingold, C. K.; MacNulty, B. J.; Woolf, J. Chem. Soc.
1948, 2043.

Figure 2. Spectral changes observed for the reaction of [Pt(ppp)Cl]+ with thiocyanate in [emim][NTf2] and [emim][TfO].

Figure 3. Typical kinetic traces recorded for reaction 1 in [emim][dca] and [emim][EtOSO3].

Table 2. Wavelengths Selected for the Kinetic Measurements in the
Different Solvents

solvent methanol
[emim]
[NTf2]

[emim]
[dca]

[emim]
[TfO]

[emim]
[EtOSO3]

selected wavelength 343 nm
410 nm 412 nm 394 nm

362 nm
360 nm 379 nm
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and thus stabilized. Thus the ground state of the reactants
(and eventually the products) is stabilized, whereas the
transition state is destabilized, which increases the activation
barrier and decelerates the reaction. This accounts for the
observed deceleration of the reaction with thiocyanate as
compared to thiourea and also for the difference between
methanol and the ILs. However, why is there such a large
difference between the reaction rate for the “fastest” IL
[emim][NTf2] and the “slowest” IL [emim][EtOSO3]?

In the case of thiourea as nucleophile, we correlated our
data with one of the parameters introduced by Kamlet and
Taft as a measure for a liquid’s hydrogen bond acceptor
ability, namely, the �-value (see Table 4). This parameter
was determined in the original study32 for a different dye
that allowed to investigate highly colored ILs more easily.

A correlation between ln(k2) for reaction 1 and the � value
of the solvent is shown in Figure 7. The general trend
observed from this figure is the reduction of the reaction
rate with increasing � value. The observed reaction rate
seems to be linked to the hydrogen bond acceptor ability of
the IL or, more general, of the solvent used. A higher
hydrogen bond acceptor ability results in a stronger interac-

tion with the positively charged Pt(II) complex by which it
is stabilized. This means that a higher � value correlates with
a stabilization of the reactants and products and a destabiliza-
tion of the transition state.

For a series of ILs with the same cation, the increase in
the � value is directly linked to a decrease in the R value
(see Figure 8), the hydrogen bond donor ability of a
solvent.35,39 An increase in the � value means a decrease in
the R value and thus a lower hydrogen bond donor ability
of the solvent.35 In contrast to small anions with a high
charge density, large anions which have a dispersed charge
like thiocyanate, iodide, or picrate are better solvated by
dipolar non-hydrogen bond donor solvents with a low R
value.39 This means in our case that a solvent with a lower
R value and thus a higher � value should establish stronger
interactions with the anionic nucleophile thiocyanate and thus
hinder nucleophilic attack.40 A strongly solvated nucleophile
is restricted in its mobility and less nucleophilic. This is in
agreement with the decrease in reaction rate on changing to
a solvent with a higher � value, for example, [emim][EtOSO3].

A correlation of the enthalpy of activation versus the �
value (Figure 9) confirms the influence on the activation
barrier of the reaction. The higher the � value, the higher
the activation enthalpy, thus decreasing the rate of the
reaction. This is in agreement with the decrease in reaction
rate with increasing � value. The reactants and products are

(39) (a) Parker, A. J. Quart. ReV. 1962, 16, 163. (b) Parker, A. J. AdVan.
Org. Chem. 1965, 5, 1–39. (c) Parker., A. J. AdV. Phys. Org. Chem.
1967, 5., 173–235. (d) Parker, A. J. Chem. ReV. 1969, 69, 1–32. (e)
Parker, A. J. Pure Appl. Chem. 1981, 53, 1437–1445.

(40) Williams, D. B.; Stoll, M. E.; Scott, B. L.; Costa, D. A.; Oldham,
W. J. Chem Commun. 2005, 1438–1440.

Figure 4. Schematic presentation of [Pt(ppp′)(SCN)2].

Figure 5. Typical concentration dependences for reaction 1 in [emim][dca] and [emim][NTf2].

Table 3. Summary of Rate and Activation Parameters for the Reaction
between [Pt(ppp)Cl]+ and Thiocyanate in Different ILs and Methanol As
Solvent

solvent k2 at 25 °C [M-1 s-1]
∆Hq

[kJ mol-1]
∆Sq

[J K-1 mol-1]

methanol 299 ( 7 39 ( 1 -72 ( 3
[emim][NTf2] 26 ( 2 44 ( 2 -69 ( 5
[emim][dca] 2.3 ( 0.1 51 ( 1 -74 ( 3
[emim][OTf] 2.7 ( 0.2 62 ( 1 -34 ( 5
[emim][EtOSO3] (1.32 ( 0.08) × 10-2 78 ( 2 -15 ( 7
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better stabilized than the transition state, and as the energy
of the reactant is reduced, the activation barrier is increased.
Thus, the activation enthalpy can be readily correlated with
the � value, whereas a rather different dependence is

observed when the activation entropy is plotted against this
polarity parameter (Figure 10).

Two different trends are observed in Figure 10. The triad
consisting of [emim][NTf2], [emim][TfO], and [emim]-
[EtOSO3] shows an increase in activation entropy with
increasing � value. The triad consisting of [emim][NTf2],
methanol, and [emim][dca] shows nearly no change in
activation entropy. The activation entropy consists of an
intrinsic and a solvational term as summarized in eq 2. The
intrinsic term is the sum of all entropy changes caused by
changes in bond lengths and bond angles on formation of
the activated complex. This should be almost the same for

Figure 6. Typical Eyring plots for reaction 1 in [emim][TfO] and [emim][EtOSO3].

Table 4. � Values for the Selected ILs and Methanol

solvent methanol
[emim]
[NTf2]

[emim]
[dca]

[emim]
[OTf]

[emim]
[EtOSO3]

�-value32 0.50a 0.42 0.64 0.57 0.71
a The value for methanol was calculated according to spectra and

equations reported in the literature.13,32,33

Figure 7. Correlation of ln(k2) for reaction 1 with the � value.

Figure 8. Linear correlation between the R and � values of the investigated
[bmim]+ ILs.45

Figure 9. Correlation of the enthalpy of activation versus the � value.

Figure 10. Correlation of the activation entropy versus the � value.
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all studied solvents, as the complex and the entering
nucleophile remain the same. The solvational term is related
to changes in electrostriction on going from the reactant to
the transition state. Changes due to charge formation or
charge neutralization, and also dipole formation or an
increase in polarizability, can cause changes in the solvation
shell and thus the activation entropy (and activation volume).

∆Sq)∆Sintr
q +∆Ssolv

q (2)

If, as in our case, two charged molecules form a neutral
transition state, the solvating molecules will be released on
going to the transition state. A larger number of solvent
molecules bound to the reactant molecules before formation
of the transition state should result in a larger increase in
entropy (and volume) during the activation process. Fur-
thermore, in ILs where all the solvent molecules are charged,
the effect should be even larger since during formation of
the transition state the strong interaction of oppositely
charged reactant species with the solvent completely vanishes.

From Figure 10 we can conclude that the ethylsulfate or
triflate containing ILs are bound stronger to the solutes than
the ILs containing [dca]- and [NTf2]-, as a much larger
increase in entropy is observed in this case. The interaction
of [dca]- and [NTf2]- with the metal complex could be less
favored because of the structure of these anions. Dicyanamide
has a repulsive π-system and a negative charge located on
one nitrogen atom, whereas [NTf2]- has a sterically shielded
negative charge also located on a single nitrogen atom. Thus
both anions could be less favored for interaction with the
Pt(II) center in contrast to the sulfate derivatives.

The abnormality of the activation entropy value found for
[emim][dca] could also originate from the relatively high
nucleophilicity of [dca]- compared to that of the other IL
anions. As reported in our earlier study,12 we have direct
spectroscopic evidence for the displacement of the chloride
ligand in [Pt(ppp)Cl]+ by [dca]- on addition of Na[dca] to
an aqueous solution of this complex. We also considered
the nucleophilicity of the anions of the other ILs and the

possibility of their coordination to the Pt(II) center replacing
the chloride ligand. The [NTf2]- anion has several possible
coordination options41 due to the negatively charged nitrogen
atom and the electron pairs on the oxygen atoms. Therefore,
the possible coordination of this potential ligand had to be
checked as well, although no spectroscopic evidence for its
coordination is available. The two anions of the other ILs,
namely, [TfO]- and [EtOSO3]-, are expected to be very weak
nucleophiles and were not investigated further. To check the
plausibility of ligand displacement in [emim][dca] and
[emim][[NTf2], DFT calculations of the complex with
coordinated chloride and thiocyanate, and of the complexes
where the anions of the ILs are coordinated, were compared.

In the case of [dca]- two coordination modes are possible,
namely, one via the negatively charged central nitrogen atom
and one via the terminal nitrile groups (see Figure 11). The
terminal coordination mode turned out to be 35.7 kJ/mol
more stable than the other one, but overall the coordination
seems not to be favored since the chloride containing
complex is 32.7 kJ/mol more stable than the terminal mode
(see Table 5) and 68 kJ/mol more stable than the central
coordination mode. However, if in the comparison between
the chloride and the terminal dca complex the CPCM solvent
simulation is included, the chloride complex is only 3.7 kJ/
mol more stable. This difference is only marginal such that
when the complex is dissolved in [emim][dca], the IL anion
is present in such a large excess that a displacement of
chloride could be favored. However, if the chloride anion is
displaced by the [dca]- anion in the first place, the substitu-
tion reaction with thiocyanate nevertheless proceeds as
observed experimentally. By calculating the energy differ-
ences, we found the [Pt(ppp)dca]SCN complex to be 12.2
kJ/mol less stable than the [Pt(ppp)SCN]dca complex.

In the case of [NTf2]- coordination via the negative
charged nitrogen atom (η1-N), coordination via one oxygen
atom (η1-O), coordination via two oxygen atoms (η2-O,O′),
or even via oxygen and nitrogen (η2-O,N) are theoretically
possible (see Figure 12).41 The results show that all these

Figure 11. Calculated terminal (left) and central (right) coordination modes of [Pt(ppp)dca]Cl; energy values compared to [Pt(ppp)Cl]dca.

Table 5. Comparison of the Relative Stability for the [dca]- and [NTf2]- Complexes (in kJ/mol)

B3LYP/LANL2DZp // B3LYP/LANL2DZp + ZPE(B3LYP/LANL2DZp)
[Pt(ppp)Cl]dca 0.0 [Pt(ppp)dcacent]Cl + 68.3 [Pt(ppp)dcaterm]Cl + 32.7
[Pt(ppp)Cl]NTf2 0.0 [Pt(ppp)NTf2-N]Cl + 106.9 [Pt(ppp)NTf2-OO′]Cl + 139.3

B3LYP(CPCM)/LANL2DZp // B3LYP/LANL2DZp + ZPE(B3LYP/LANL2DZp)
[Pt(ppp)Cl]dca 0.0 [Pt(ppp)dcacent]Cl + 41.7 [Pt(ppp)dcaterm]Cl + 3.7
[Pt(ppp)Cl]NTf2 0.0 [Pt(ppp)NTf2-N]Cl + 75.6 [Pt(ppp)NTf2-OO′]Cl + 101.4
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structures are clearly energetically unfavored compared to
the chloride containing complex. The (η1-N)-mode is 106.9
kJ/mol and the (η2-O,O′)-mode is 139.3 kJ/mol less stable
than the chloride complex. When the CPCM solvent simula-
tion is incorporated, the differences decrease to 75.6 kJ/mol
for the (η1-N)-mode and 101.4 kJ/mol for the (η2-O,O′)-
mode, but still the chloride complex is greatly favored, so
that even under a large excess of [NTf2]- no chloride
displacement is likely to occur.

On the basis of these calculations, it follows that a severe
influence on the mechanism can occur in [emim][dca].
However, as we found from the correlations with the �
parameter, not only a substitution process but also interac-
tions of ion pairs can result in profound changes in reaction
rates. We, therefore, also calculated the ion pair stabilization
energy between the IL anions and the Pt(II) complex to gain
further insight on solute-solvent interactions as introduced
in a previous paper.12 Our computations indicated a strong
influence of the anion on the anion-cation stabilization
energy. We calculated the energies (in the gas phase) of the
separated ions of the ILs and compared these with the
energies of the ion pairs. We found large differences
depending on the nature of the anion. If the cation-anion
interaction of the IL is influenced or even controlled by the
anion, the stabilization of dissolved cations such as the Pt(II)
complex should also be influenced. We calculated the
energies of complex-anion ion pairs, compared these values
with the separated ions, and calculated the difference (Table
6) for the ion pair stabilization energy.12

Although the energies are surely exaggerated because of
Coulomb attraction and because the values do not include
dispersion, we do find good correlations with experimental
properties. The ion pair stabilization energy significantly
differs over a range of about 30 kJ/mol changing from
[NTf2]- to [EtOSO3]-. The numbers also show that [NTf2]-

and [dca]- are only slightly coordinative. The calculations
account for the [NTf2]- and [dca]- anion to interact more
with the terpyridine ligand than with the Pt(II) center,
reflected in a position occupied by the anion not perpen-
dicular above the metal center but shifted more to a position

above the central pyridine unit. In contrast to this, the [TfO]-

and [EtOSO3]- anions show a preferred interaction with the
Pt(II) center reflected in an higher interaction energy and a
position perpendicular above the metal center at a rather short
distance (2.9 Å to 3.0 Å). If the position of the anions in
solution is similar to the calculated gas phase structure,
nucleophilic attack by an entering ligand could be blocked
to some extend since the [TfO]- and [EtOSO3]- anions
sterically protect the reactive center. Thus, the interacting
IL anion first has to be removed from its blocking position
for nucleophilic attack to occur. The higher the interaction
energy of the anion, the slower the associative ligand
substitution reaction and the higher its activation barrier
(consisting of ∆Hq and ∆Sq), as shown in Figure 13.

In summary, both the interaction energy and the influence
of the hydrogen bond acceptor ability influence the reaction.
A stronger interaction of the solvent molecules with the
dissolved species results in a decrease in the reaction rate,
thus confirming the findings of the study with the uncharged
nucleophile thiourea.12 The anions of the ILs seem to play
a crucial role in this context, as they seem to differ in their
ability to interact with the Pt(II) complex. The largest
difference exists between the [NTf2]- and [EtOSO3]- anions,
which differ in their hydrogen bond donor ability and their
stabilization ability, which leads to the difference in the
reaction rate measured in these solvents. Overall, the reaction
is slower in the ILs with oxosulfur derivates ([emim]-
[EtOSO3] and [emim][TfO]) that possess an oxygen donor
atom for interaction with the metal complex, in contrast to
the two other ILs ([emim][NTf2] and [emim][dca]) that
possess a nitrogen donor atom. This suggests that the nature
of the donor atom of the anionic component of the ILs is a
crucial factor for the interaction with the electrophilic metal
complex and thus for the overall reaction velocity. Further

(41) (a) Zhou, Z.; Matsumoto, H.; Tatsumi, K. Chem.sEur. J. 2004, 10,
6581–6591. (b) Fukumoto, K.; Kameda, M.; Ohno, H. Nippon Kessho
Seicho Gakkaishi 2004, 31, 186.

(42) Wilkes, J. S.; Levisky, J. A.; Wilson, R. A.; Hussey, C. L. Inorg.
Chem. 1982, 21, 1263.

(43) (b) For information on trifluorotris(1,1,2,2,2-pentafluoroethyl)phosphate
see. (c) Ignatyev, N. V.; Welz-Biermann, U. Chimica Oggi 2004, 22,
42-43.

(44) Fukumoto, K.; Kameda, M.; Ohno, H. Tokyo UniV. of Agriculture
and Technology, Japan. Nippon Kessho Seicho Gakkaishi 2004, 31,
186.

(45) Lungwitz, R.; Friedrich, M.; Linert, W.; Spange, S. New J. Chem.
2008, 32, 1493–1499.

Figure 12. Calculated η1-N (left) and η2-O,O′ (right) coordination modes of [Pt(ppp)NTf2]Cl; energy values compared to [Pt(ppp)Cl]NTf2

Table 6. Stabilization Energies of the Complex-Anion Interaction for
the Different ILs12

IL anion [NTf2]- [dca]- [TfO]- [EtOSO3]-

∆E [kJ/mol] -287.0 -293.3 -300.0 -315.5
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investigations with different ILs that contain completely
different anions such as [CF3BF3]-,42 [AlCl4]-,43 [FAP]-

(tris(perflouroethyl)trifluorophosphate anion),44 or with sulfur
donors45 could reveal more insight on this.

Conclusions

The results obtained demonstrate clearly that conventional
research methods can be applied in the study of ILs as done
for conventional molecular solvents. In the present case the
numerical values indicate that there is no back reaction (k-2

≈ 0), and the forward reaction has an associative character
(∆Sq , 0). We found evidence that the reaction rates in
different ILs differ considerably from those in conventional
molecular solvents. A likely reason is the influence of the
anionic component of the IL that interacts with the positively
charged metal complex and solvation effects in the IL that
affect the nucleophilicity of the nucleophile. Furthermore,
the nature of the anion of the IL seems to play a crucial
role, as some anions, particularly those with oxygen donor
atoms, decelerate reactions with uncharged nucleophiles, as
well as reactions with charged ones, much more than other
anions.
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Figure 13. Plots of ln k2, ∆Hq, and ∆Sq versus the calculated ion pair stabilization energy (SE).
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