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The H/D exchange reaction and the rotational dynamics of heavy wat€) @we studied at 50C in the

ionic liquid, 1-butyl-3-methylimidazolium chloride ([bmim][CI]), in the fO®] range of 3-55 M. The initial

H/D exchange rates are observed asxd.007, 4.5x 106 1.0x 1075 4.1 x 10°° 1.1 x 1074 and 3.7x

104 s%, respectively, at [RO] of 2.8, 7.1, 8.1, 11, 15, and 25 M. The rate is very slow and less thah 10

s 1 at [D,O] below~7 M. It steeply increases to the order of 181 for 7 M < [D,0O] < 10 M, and linearly
increases with [BO] in the more water-rich region. The intercept of the linear region a®]B= ~9 M is
interpreted by considering that each chloride anion deactivates 1.6 equiv water molecules due to the strong
solvation. Correspondingly, the rotational correlation time gdat [D,O] < 7 M is 1 order of magnitude

larger than that in water-rich conditions.

1. Introduction temperature of 127C and water concentrations of 25, 50, and
75 mol % by means of molecular dynamics simulation and
reported that rotational dynamics slows down monotonously
with decreasing water concentration. Here, we agpiiNMR
spectroscopy to determine the rotational correlation time at
50°C over a wide range of D concentrations from 1 (solitary
conditions, 50 mM) to 80 mol % (18 M). We have succeeded

studies are essential for the reaction pathway control and thein demonstrating the excellent parallelism between the rotational
yield optimization. In this letter, we focus on the correlation dynamics slowdown and the H/D exchange deactivation.

between the kinetics of H/D exchange and the rotational LS often are contaminated with a small amount of acids,
dynamics of RO in hydrophilic 1-butyl-3-methylimidazolium ~ metals, and/or absorbed water. Uncontrolled impurities can
chloride ([bmim][Cl]) and get insight into the solvation of water significantly influence the reaction rates and lower the reproduc-
by the solvent ions. The H/D exchange reaction rate can reflectibility. To prevent acid or base impurities from influencing the
sensitively how strongly water is solvated by the small chloride H/D exchange reaction, we have introduced a neutralization
anions via the hydrogen bonding_ By Covering a wide range of titration method and have certified a h|gh level of neutra”ty of
water concentrations {355 M), we have demonstrated here that the used IL.

solitary water is deactivated by orders of magnitude compared

with water in water-rich conditions. At low concentration, water 2. Experimental

is solitary in the sense that watewater contact is negligible

and is bound strongly by the solvent ions. It is shown that the  onic liquid [bmim][CI] (99%) was obtained from Solvent

reactivity of water in the IL can be tuned by the concentration Innovation and purified before use as described beloyd D
(number density) of water in a way similar to supercritical (99.9 atom%) was obtained from Nakalai and was used as

water?—9 received. Reaction solutions of .0 in [bmim][CI] were
The strength of wateranion interactions in ILs is to be  Prepared in a dry box to avoid atmospherigCHand CQ. A
reflected quantitatively by the dynamics of water. Therefore we reactor made of quartz tube was 2.5 mm i.d., 4.0 mm o.d., and
expect that solitary and bound water is slowed down substan-~8 ¢m long. A sample was heated at 8C in an NMR
tially in the rotational dynamics in a manner analogous to that Spectrometer (JEOL ECA400, magnetic field strength of 9.4
in the H/D exchange reaction. The dynamics of larger fluores- T) and*H NMR spectra were observed in situ at time intervals
cence molecules has been investigated if%tsin relation to of 1—100 min. The deuteration ratio of the imidazolium cation
the solvation dynamics while that of water has been studied Was determined by théH peak intensity of the H/D exchange-
only computationally by Hanke and Lynden-B¥Il.They able proton in the cation. The rotational correlation time g®D
calculated the rotational correlation time at a rather high Was determined byH spin—lattice relaxation measurements
between—40 and 50°C using two NMR spectrometers (JEOL
* Corresponding author. E-mail: nakahara@scl.kyoto-u.ac.jp. ECA 400W, 9.4 T and ECA 600, 14.1 1.The diffusion
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lonic liquids (ILs), which provide a strong local electric field,
are attracting much interest as a new and unique reaction
medium for its nonvolatility and phase separation behavior with
organic solvents and/or watér? Although much efforts are
being made for the optimization of reaction yields in ILs, so
far there have been reported only a few kinetic stuelfdéinetic
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Figure 1. The neutralization titration curve for the [bmim][ClI], before
purification (filled circles) and after recrystallization three times (open
circles). Before the titration, 1.00 mmol of [bomim][CI] was dissolved
in 10 mL of H,O and 0.0100 mmol of HCI was added. The buffering
region around pH= ~7 corresponds to the neutral imidazole.

coefficient of the 1-butyl-3-methylimidazolium cation was
determined by pulsed field gradient spiacho’H NMR at 400
MHz.14

The ionic liquid was purified by recrystallization three times
in dry acetone-acetonitrile (10:1 by weight) mixture. The yield
of purified crystal was~60% for each recrystallization process;
the solution saturated at 4C was cooled down to 28C. The
purity was assessed by the neutralization titration. The titration
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Figure 2. The plot of the apparent second-order rate congtdefined

by eq 2 against water concentration. Note that the solution is dominated
by the ionic liquid in terms of volume fraction when O] < 30 M;

the molecular volume of water is much smaller than that of the ionic
liquid. The apparent rate constant suddenly drops off a&D]B>-15 M.

The initial reaction rateg of the H/D exchange is then given
by

_d([BV[A] 9
N dt

_da

Yo o dt

0 = k[DwateJO = 2k[DZO]O (4)

where the subscript 0 indicates the zero reaction timecaisd

curves before and after the recrystallizations are shown in Figurethe deuteration ratio of the cation. If the H/D exchange kinetics

1. A buffering region around pk= ~7 in the titration curve
before the purification indicates the presence~df mol %

obeys the rate law given by eq 2, the valuekofvould not
depend on the value of f®]o. We then determined the rate

neutral imidazole as an impurity (the acid dissociation constant constank on the basis of eq 4 by varying fDJo. The logarithm

pKa = 6.0 for imidazolé®). After the above-mentioned purifica-
tion, the titration becomes sharper by a factor of 10. Thus,
impurities are sufficiently removed and the neutrality has been
highly attained.

3. Results and Discussion

3.1. Kinetics of H/D Exchange.The solute RO in [bmim]-
[CI] solvent undergoes the following H/D exchange reaction

D

\NN/\/\ + HDO

+ D20

\@N/\/\

A
B m

of k is plotted against [BD]o in Figure 2. Evidentlyk is not
constant against the 0], variation. The value ok changes

by orders of magnitude depending ony{Dj, in the range of
3—20 M, above which it is gradually saturated to the level of
the dilute aqueous solution of [bomim][CI]. Thus, eq 2 is not a
valid equation. We need to establish a new rate law to explain
the fact that the reactivity of water dramatically decreases as
[D20O]o decreases.

We can understand to what extent water is deactivated at the
water-poor composition by considering the strong Coulombic
solvation of water by the small chloride anion. The water
molecules solvated by the anion (“bound” water molecules) are
hydrogen bonded at the hydrogen sites, so they have little chance
to exchange their deuteron atoms with the protons in the

It has been found that no protons other than the one attachedMidazolium cations. When the water concentration is low,

to the 2 position of the imidazole ring participate in the H/D almost all of the water_molecules are solitary and bound, qnd
exchange under the reaction conditions studied here. We firstth® H/D exchange rate is very slow. As the water concentration

try to analyze the reaction kinetics based on the second-orderlD2Clo is high, on the other hand, the chloride anions are fully
hydrated with water molecules, and the excess water molecules

rate law: ) at
have a high activity for the H/D exchange.
d[B] d[A] On the basis of the above consideration, we propose a new
a  dt K(2[D,0] + [HDO])IA] 2 rate equation. When we takeas the number of bound water

molecules around a chloride anion (the coordination number),
Here the brackst[ ] stand for the molar concentration, A  the initial rateup of the H/D exchange is expressed as

and B are the undeuterated and deuterated cations (see eq 1),
respectively, andk is the H/D exchange rate constant. There
are two species of deuterated watepODand HDO. Because
they are in equilibrium, 2[BO] + [HDO] corresponds to the
concentration of the deuteron. By denoting the deuteron where the symbol Diaer represents the deuteron atom of the
concentration of water by [fel, €9 2 is rewritten as active (unbound) water molecules and is given by

dB] _ _dA]
dt dt

_do| _

Vo = dtlo k*[D*wateJO

(6)

= KD yated[Al ®) [D* yatedo = 2[D;0], — 2(CI' ] (6)
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Figure 3. (a) The initial ratev, of the H/D exchange (open circles)
and the rotational correlation timer (filled circles) as a function of
water concentration. (b) The reciprocal of the diffusion coefficient
of the 1-butyl-3-methylimidazolium cation against water concentration.

k* is the rate constant for the active water molecules. The value

of x is regarded as constant as long as the water concentration

is high enough to occupy all the bounding sites of the chloride
anion. To determine the value kf andx, we plotted the initial
H/D exchange rateyy at 50 °C against the initial water
concentration [RO]p in Figure 3a. The exchange rate begins
to linearly increase with a steep slope asQ is increased
above~10 M. This indicates that the concentration of unbound
water (free from the direct solvation by the anion) [R%]
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crossover concentration~8 M) of 7or is in agreement with

the concentration at which the steep increase of the H/D

exchange reactivity was observed. This good correspondence
indicates that the rotational dynamics of water in the IL can be

understood in terms of the solvation just as in the case of the
H/D exchange reaction kinetics.

One may consider that the increase mf in water-poor
conditions arises from the high viscosity of the IL. To scrutinize
this point, we measured the diffusion coefficiedt of the
imidazolium cation instead of the viscosity at 8D by varying
[D20] up to 20 M17:18 1/D is proportional to the viscosity
according to the EinsteinStokes equation. Thus, if the rota-
tional dynamics is controlled by the viscosity of the system,
Tor Would be propotional to . We plotted 1D against [BO]
in Figure 3b. As can be seen, the water concentration depen-
dence ofr,r does not agree with that of @/at water-poor
conditions. Thus, the rotational dynamics is dominated by the
strong solvation of water by the anion rather than the viscosity.
In the case of the H/D exchange reaction, the viscosity does
not directly influence the kinetics, because the observed reaction
rate in Figure 2 is~10 orders of magnitude smaller than the
diffusion controlled rates (fOM~1 s71).

The present study on the H/D exchange reaction kinetics and
the rotational dynamics of water in the IL allows us to predict
the following general features of water in chemical reactions
in IL. (1) The reactivity of water is tunable over orders of
magnitude by varying the water concentration. The water
molecules participate in reactions as a reactant when the water
content is increased above the value determined by the
coordination number (1.6) of the chloride anion. (2) In a water-
poor composition (the water concentration of lower thahM),
water molecules are deactivated and make no significant
contributions to reactions in IL as a reactant.

References and Notes

(1) Welton, T.Chem. Re. 1999 99, 2071.

(2) Wasserscheid, P.; Keim, \ngew. Chem., Int. EQ00Q 39, 3772.
(3) Seddon, K. RJ. Chem. Biotechnoll997, 68, 351.

(4) Ohno, H.lonic Liquid Il; CMC Publishing: Tokyo, 2006.

(5) Moreau, C.; Finiels, A.; Vanoye, LJ. Mol. Catal.2006 253 165.
(6) Man, B. Y. W.; Hook, J. M.; Harper, J. Hetrahedron Lett2005

linearly increases and contributes to the H/D exchange rate 46, 7641.

according to eq 5. We can determine the coordination number

x as the mole ratio of BD to CI- when the reaction rate begins
to rise. As is seen from Figure 3a, the intercept of the linear
region of the plot to the horizontal axis gives thex(@} value
of 8.9 M. This molar concentration corresponds to the mole
ratio ~1.6 of DO to the IL and thus we obtain = 1.6. The
rate constank* is represented by the slope of the line and is
1.0x 10°M1s1,

3.2. Rotational Dynamics of DBO. In this section, we

investigate the relationship between the rotational dynamics and

the H/D exchange kinetics of the solute water in IL covering a
wide range of the water concentration. We determine the
rotational correlation time,r of D20 in [bmim][CI] by means

of 2H NMR relaxation measurements The value ofz,r at

50 °C is plotted against [BD] in Figure 3a. The rotational
correlation time of water is by 2 or 3 orders of magnitude larger
than that in neat conditions (1.34 p§)As seen from Figure

(7) Nagai, Y.; Matubayasi, N.; Nakahara, Nl.Phys. Chem. 2005
109 3550.

(8) Matubayasi, N.; Nakahara, M. Chem. Phys2005 122 074509.
(9) Akiya, N.; Savage, P. EChem. Re. 2002 102, 2725.

(10) Karmaker, R.; Samanta, A. Phys. Chem. 2002 106, 4447.
(11) (a) Ito, N.; Biswas, R.; Maroncelli, MJ. Phys. Chem. R003
107, 5926. (b) Ito, N.; Arzhantsev, S.; Maroncelli, Nbhem. Phys. Lett.

2004 396, 83.

(12) Hanke, C. G.; Lynden-Bell, R. Ml. Phys. Chem. R003 107,
10873.

(13) Detailed description of the methodology and analysis on the water
dynamics are to be submitted elsewhere.

(14) (a) Nakahara, M.; Wakai, C.; Yoshimoto, Y.; Matubayasi,JN.
Phys. Chem1996 100, 1345. (b) Giordani, C.; Wakai, C.; Okamura, E.;
Matubayasi, N.; Nakahara, M. Phys. Chem. B00§ 110, 15205.

(15) Bruice, P. Y.Organic Chemistry, 3rd edPrentice Hall: Upper
Saddle River, NJ, 2001.

(16) Nakahara, M.; Wakai, Cl. Mol. Lig. 1995 6566, 149.
(17) Gomez, B.; Gonzalez, B.; Dominguez, A.; Tojo, E.; TojoJJ.

3a, the concentration dependence of the water rotational Chem. Eng. Dat2006 51, 696.

dynamics corresponds well to that of the H/D exchange
reactivity. The value of,r changes rapidly by a factor ef10
at the lower water concentrations ¢O] < ~8 M), while it
changes fairly slowly at the higher water concentrations. The

(18) Ref 17 investigates the viscosity as a function of water
concentration in 1-hexyl-3-methylimidazolium chloride ((hmim][CI]). The
concentration dependencepfn [hmim][Cl] is very similar to that of 1D
in [bmim][Cl] determined here; the crucial change occurs aidp~
0.7[CI"] for # in [hmim][Cl].



