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Abstract: Fourier transform ion cyclotron resonance mass spectrometry has been used to study the temperature
and deuterium isotope effects on the methyl cation transfer reaction between protonated dimethyl ether and
dimethyl ether to produce trimethyloxonium cation and methanol. From the temperature dependence of this
bimolecular reaction it was possible to obtain thermodynamic information concerning the energy barrier for
methyl cation transfer for the first time. From the slope of an Arrhenius plot, a valutHérof —1.14+ 1.2

kJ mol! was obtained, while from the intercept a value A& of —116+ 15 J K- mol~! was derived. This

yields aAG*(298) value of 33.7 2.1 kJ motL. All thermodynamic values were in good agreement with ab
initio calculations. Rate constant ratios for the unimolecular dissociation forming trimethyloxonium cation
and the dissociation re-forming reactants were extracted from the apparent bimolecular rate constant. Attempts
at modeling the temperature dependence and isotope effects of the unimolecular dissociation forming
trimethyloxonium cation were also made.

Introduction spectrometry was used to determine that the rate of proton
transfer between protonated methyl chloride and methyl chloride
is approximately 5 times faster than methyl cation transfer
between these two specitSimilarly, methyl cation transfer
between protonated methanol and methanol to produce proto-
nated dimethyl ether and water has been shown to be fairly
slow, with a rate constant of1 x 1071° cm?® s71.10 Despite

the sluggishness of these reactions, high-pressure mass spec-
trometry has been used to measure equilibrium constants for
methyl cation transfer which were then used to derive a methyl
cation affinity scale for various bas&s!3

Of equal importance to thermochemical information on stable
nic species and ion/molecule complexes is that pertaining to
e maxima on the potential energy surfaces known as transition

Much work in the area of gas-phase ion chemistry focuses
on the mechanisms and energetics of ion/molecule reactions.
Numerous techniques involving the observation of equilfria
or kineticg® of ion/molecule reactions have been devised to
obtain thermochemical information pertaining to minima on
potential energy surfaces. In particular, many studies on the
energetics of proton transferand clustering energetics, mainly
around protonated speciébave been carried out. Considerably
less work has been done on the energetics of intermolecular
transfer of larger groups such as alkyl catimsainly due to
the slowness of these reactions compared to proton transfer anqio
association reactions. For example, low-pressure FTICR massy,

*To whom correspondence should be addressed. states. E>_<cept for_ ab initiq (_:alculated barrie_r he_ights_, thermo-

T E-mail: tdfridge@sciborg.uwaterloo.ca. chemical information pertaining to these maxima is quite scarce.
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TS-AT/TM) demonstrated by ab initio calculations. By systematically
.é‘ lengthening and constraining one of the-B bonds in the
*‘.. proton-bound dimer (PBD) it was found that it isomerized to
(CH,,0 + structure 11. Further stretching of this bond resulted in isomer-
1491 (cHy,0H° e et ization of 11 to IT. The B3LYP/6-311G** calculated potential
i energy surface with the structure of the previously mentioned
190 | el CHOH+ species is shown in Figure 1.
(CH;),0" (TMO) In the present work we report the temperature dependence

of the bimolecular rate constant for the reaction of protonated
dimethyl ether with dimethyl ether to form the trimethyloxonium
cation. The temperature dependence of this bimolecular reaction,
occurring in an FTICR cell at low pressures, has been analyzed
to obtain the energy, enthalpy, and entropy of activation for
formation of trimethyloxonium cation from dimethyl ether and
| protonated dimethyl ether. Thermochemical information pertain-
ing to this type of energy barrier has never been obtained from
‘ direct experimental determination in the past. The values
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40 1 experimentally obtained are compared to those calculated by

ab initio means.

201 l‘f“ Experimental Section
‘ :.:).f The experimental procedure has been described in detail previéusly.
0 FED 0y Briefly, all experiments were carried out with a Bruker CMS 47

. . . . FT-ICR mass spectrometer equipped with a 4.7 T magnet. The 6 cm
Figure 1. B3LYP/6-311G™ calculated potential energy diagram . g cm cylindrical ICR cell is mated to a home-built high-pressure

relevant to the reaction of protonated dimethyl ether and dimethyl ether g, ernal ion source which has also been described in detail previdusly.
producing trimethyloxonium cation and methanol. Protonated dimethyl ether was formed directly in the ICR cell by
~ proton transfer from protonated benzene to neutral dimethyl ether.
Rec_en“y, we have observed that the low-pressure radiative protonated benzene was generated in the external high-pressure ion
association reaction between dimethyl ether and protonatedsource in a roughly 400:100:1 mixture of GNxCsHs and was
dimethyl ether was in competition with a side reaction which transferred to the ICR cell via a system of electrostatic ion optics. After
produced trimethyloxonium cation and watérThis side an appropriate delay time to allow for a sufficient extent of proton
reaction became more pronounced at increased temperature andansfer, all ions except protonated dimethyl ether were ejected from
at the highest temperatures studied, became the dominang1e ICR geél llay using stzncri]ard ra:gho frequfer;‘cy.(rf) elefft'c’”;‘?crt‘“'lﬂges-
reaction pathway. One of the results of the temperature 2 Second delay ensured thermalization of the ions, after which all ions
- L . except for the original precursor were once again ejected. The FT-ICR
dependence on the low-pressure radiative association reactio ; B
betw. dimethvl eth d t ted dimethvl eth th r})ulse sequence is shown in Figure 2.
e egn imethyl ether an pro onate .Ime yl ether Was. € Neutral dimethyl ether was introduced into the ICR cell via precision
deduction that the mechanism shown in Scheme 1, which ooy valves at calibrated pressures from %0L0° mbar to 1.4x
involves dissociation through higher-energy isomers of the 1g-6 mpar.

proton-bound dimer, was required to correctly model the  The intensities of protonated dimethyl ether, the proton-bound dimer,
temperature dependence. and the trimethyloxonium cation (GHO* were monitored at various

In Scheme 1 IT and I1 are isomers of the nascent proton- reaction times up to about 90% conversion of protonated dimethyl ether.
bound dimer of dimethyl ether PBD. It should be noted that Between four and fifty six scans were accumulated and Gaussian
the isomer IT may dissociate into reactants or may eliminate Multiplied (apodized) to enhance the accuracy of the ion abundance
methanol to form the trimethyloxonium cation. That the proton- Measurements. Observed rate constaags for reaction of protonated

bound dimer dissociates through isomers 11 and IT was also dimethyl ether were obtained from a least-squares curve-fitting of a
semilogarithmic plot of normalized protonated dimethyl ether intensity

(15) Ochran, R. A.; Annamalai, A.; Mayer, P. NI. Phys. Chen200Q versus time such as that shown in Figure 3. The apparent bimolecular
104, 8505.
(16) Fridgen, T. D.; McMahon, T. B. Submitted th Phys. Chem. (17) Thdmann, D.; McCormick, A.;McMahon, T. BJ. Phys. Chem.
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scaled by 0.95 for use in the RRKM calculatidfisCorrections
suggested by Scott and Radtiwere used for zero-point energies and
for contributions to the thermal enthalpy and entropy due to vibrational
degrees of freedom. Minima and maxima on the potential energy surface
were verified by zero and one imaginary frequency, respectively.
The collision rate constant& and k. were estimated using
parametrized trajectory calculations which required the dipole moment

and polarizability of the neutral reactat.
The unimolecular rate constants for the dissociation reaction forming

trimethyloxonium cation and methanol were modeled using the simple
RRKM theory given by eq 2
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. whereo is the symmetry numbeh is Planck’s constant. The suriN)
time and density(p) of states for the transition state and reacting ion,
re 2. Scan function used for the FT-ICR experiments reported in respectively, were calculated using the BeySwinehart direct count
work. algorithm employing the B3LYP/6-311G** vibrational wavenumbers.
The calculated unimolecular rate constants reported here were averaged
over a Boltzmann internal energy distribution of the reacting species.
The unimolecular dissociation rate constants for the dissociation
reaction to re-form reactants were obtained from master equation
modeling using the VARIFLEX prograth which uses variational
transition state theory (VTST) in order to minimize the RRKM
unimolecular dissociation rate constant due to the absence of a well-
defined transition-state structure for dissociation. B3LYP/6-311G**
calculated geometries, vibrational wavenumbers, and intensities were

also utilized for these calculations.

100

Results and Discussion
X Temperature Effect. Apparent bimolecular rate constants
o (CH;),OH (kapp,mg for the formation of trimethyloxonium cation from
» (CH)O" dimethyl ether and protonated dimethyl ether are summarized
& (R0 in Table 1 at the various temperatures studied. An analysis of
the mechanism shown in Scheme 1, results in an expression

for Kapp,mogiven by eq 3

=)
L

ko = 1.48x10 Zem3s !

. I(CH3)30‘ = 0.239 kapptmo= % (3)
Teuy, o+ Licuy,0-
1 , : ——— where the rate constants are those for the reactions given in
0 % 60 80 120 10 1% Scheme 1. Frorkapp moand a calculated value &, it is possible
time /s to obtain a ratio of the rate constants for formation of
trimethyloxonium cation to the rate of dissociation into reactants.

Figure 3. Semilogarithmic plot of intensity of protonated dimethyl
ether, trimethyloxonium cation, and proton-bound dimer of dimethyl The values for the ratiok/k, are given in Table 1. Both
dissociations originate from the species (IT)* which is a high-

ether vs time for the reaction of protonated dimethyl ether with dimethyl
i 7
ether at 306 K and dimethyl ether pressure of 2.20°" mbar. energy isomer of the proton-bound dimer of dimethyl ether.
rate constant for the formation of trimethyloxonium catl@pp,mowas Complexes similar _'n structure _to IT have been pred'Ct_ed to
obtained fromkess by using the multiplicative factor obtained from the ~ Precede methyl cation transfer in the past for the reaction of
methanol and protonated methanol to produce protonated
dimethyl ether and waté?24 That re-dissociation of the proton-

branching ratio shown in eq 1
bound dimer proceeds through structures |11 and IT was verified

Iy O
(CH L . .
Kapptmo = Kobs X i % | (1) by both ab initio calculations (stretching of one of the-B©
[(CHy),OL,H+ + (CHy,0+
(18) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

yvhere thd'’s are the intensities of thg subscripted species. The pressure-a . nMontgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.: Zakrzewski,
independent values dppmofor a given temperature were averaged v. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
to obtain pressure-independent rate constants at each temperature. Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
The temperature inside the ICR cell was measured using-iron \é\/ongb N\IJ V\Ila Aklndre\?’ % LD RfeP|09|S, E SB EomeegSf R.; Qﬂirﬁg, RH Ld
ox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
constantan thermocouples. Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision C.3; Gaussian,
. Inc.: Pittsburgh, PA, 1995.
Computational Methods (19) Scott, A. P.; Radom, L]. Phys. Chem1996 100, 16502.
Ab inito structures, energies, and vibrational wavenumbers were all (20) Su, T.; Chesnavich, W. J. Chem. Phys1982 76, 5183.
. . ) (21) Klippenstein, S. J.; Wagner, A. F.; Dunbar, R. C.; Wardlaw, D.
calculated using the B3LYP/6-311G** level of theory and basis set. M. Robertson S. HVARIFLEX version 1.00: July 16, 1999.
(22) Kleingeld, J. C.; Nibbering, N. M. MOrg. Mass Spectroni982

Calculations were performed using the Gaussial¥ 8dmputational
package. The B3LYP/6-311G** calculated vibrational frequencies were 17, 136.
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Table 1. Summary of Rate Constants for Reaction of Dimethyl Ether and Protonated Dimethyl Ether Producing Trimethyloxonium lon and
Methanol at Various Cell Temperatures

294 K2 306 K 313K 322K 326 K 333K
Kapp,md10 ¥ cmP st 3.45+0.09 3.68+ 0.09 3.85+0.14 3.91+0.18 3.994+ 0.09 4.25+ 0.15
ki/kp/10~# 1.97+0.06 2.13+ 0.06 2.24+0.10 2.30+0.10 2.34+0.11 2.51% .09
kPe/107 s 3.70+0.11 5.20+0.15 6.34+ 0.28 7.87+0.38 8.73+0.22 10.8740.39
kPd/10" st 1.24+0.04 1.75£ 0.05 2.16+0.14 2.69+0.17 2.99+ 0.08 3.73+0.17

2 Reported also in Table 8.0Obtained by multiplying the value df/k, by the value ok, calculated by VTST¢ Dissociation energy in calculation
of k, was 34 kJ moit. ¢ Dissociation energy in calculation & was 39 kJ moi.

bonds in the proton-bound dimer resulted in structure 11, and

further stretching resulted in structure 1T) and by modeling the 105e+g | = 'experimental”k,
dissociation kinetics of nascent protonated dimers of dimethyl o RRKMK,
ethert6

Thatky/ky is of the order 10* means that re-dissociation of 8.50647 |
nascent IT is 4 orders of magnitude faster than the methyl cation
transfer reaction, even though the energy requirement for the
latter is lower (see Arrhenius analysis ki mo below). The
entropic barrier is expected to be significantly higher for the
methyl cation transfer reaction compared to simple re-dissocia- ~_
tion into reactants which may explain this observation. =<

Also in Table 1 are values & obtained by multiplying the 4.50e+7 1
ki/ky, ratio by the value ok, which was calculated by VTST A
using a dissociation energy for IT of 34 kJ malIn Figure 4 =
the quasi-experimental valueslgfobtained in this manner are 2.508+7 | 7!/'
plotted against temperature (solid line and squares) illustrating —
the positive temperature dependence. Also in Figure 4, the values
for k; which were obtained by RRKM calculations are plotted
against temperature. These values were obtained using an . , [ ‘
enthalpy of activation of-2.3 kJ mot? from (IT)* (this is the 290 300 310 320 330 340
lower limit to the experimental enthalpy of activation, vide infra) T/K
and a dissociation energy for IT of 34 kJ mb(sond lines and Figure 4. Plot of “experimental” and RRKM calculated; vs
circles). temperature. Experimentd was extracted from théy/k, ratio by

The calculated values &f are larger than the “experimental”  multiplying by VTST calculateds, as described in the text. The solid
values at lower temperatures and higher at the highest temperlines denote “expgrime_nt_al" and theoretical valuektojbtaingd with
ature studied. To try to obtain better agreement between the@ value for the dissociation energy of IT of 34 kJ miolwhile the
calculated and “experimental” values &f the dissociation dashed lines denote that a dissociation energy of IT of 39 kJ'mol
energy of IT was varied in the VTST and RRKM determinations was used.
of ky andk;, respectively. In the last row of Table 1 are the Table 2. Comparison of Experimental Thermodynamic Values for
values ofk; obtained by multiplying the experimentialk, by the Formation of Trimethyloxonium lon from Dimethyl Ether and
the Va'ue O'I'kb Ca'cu'ated us|ng a d|ssoc|at|on energy for IT of Protonated_ Dlmethyl E!ther Deri\/.ed from.t.he Slope and Intercept of
39 kJ mot . These values are also plotted in Figure 4 (dashed the Arrhenius Plot in Figure 5 with ab Initio Values at 298 K

D, (IT)=34 kJ mol’*
6.50e+7

[ -1
— & D_ (IT)=39 kJ mol
o !/ D( )

b

5.00e+6

lines and squares) along with the RRKM determikeg@diashed experimental B3LYP/6-311G**
lines and circles). It is apparent that the agreement between the  AH*kJ mol? —114+12 —46
calculated and “experimental” valueslefs much better using AS1I K-t mol™ —116+ 15 —132
39 kJ mot! as the dissociation energy. AG'/kJ mol* 33.7+21 34.8
aD,gg'kd mol™ 128 133

(23) Bouchoux, G.; Choret, NRapid Commun. Mass Spectroh997, AH(298) —28& —23
11, 1799. - — - -

(24) Raghavachari, K.; Chandrasekhar, J.; Burnier, R1.@m. Chem. 2298 K dissociation energy of the proton-bound dimer of dimethyl
S0c.1984 106, 3124. ether, ? Reference 25° Reference 26.

(25) Average of values from (a) Szulejko,1R92unpublished result of ) )
30.3 kJ mot. (b) Meot-Ner, M.; Sieck, L. W.J. Am. Chem. S0d.991], Arrhenius Analysis of kappmo. The apparent rate constant

113 4448. (c) Meot-Ner, M.J. Am. Chem. Socl984 106, 1257. (d) i ; ; ; ;
Grimsrud, E. P.. Kebarle. P, Am. Chem. Soc1973 95, 7930, for production of trimethyloxonium cation from dimethyl ether

(26) Experimental enthalpy change for the reaction of protonated dimethyl @nd protonated dimethy! Ether ShOV_VS a positive.temperature
ether with dimethy ether to produce trimethyloxonium cation and methanol dependence and the Arrhenius plot is presented in Figure 5
from heats of formation of the reactant and product species. All enthalpies  From the slope of the Arrhenius plot one can obtain the

of formation were obtained from ref 27 except for that of the trimethy- - .
loxonium cation. The enthalpy of formation of trimethyloxonium cation activation energyk, and the enthalpy change going from

was determined to be 532 kJ mélssing the revised methyl cation affinity ~ reactants to the transition state according to egqs 4 and 5,
scale (ref 28) and the enthalpy change for the methyl cation transfer from respectively
dimethyl chloronium cation to dimethyl ether (ref 29).
(27) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, E=—mxR (4)
R. D.; Mallard, W. G.J. Phys. Chem. Ref. Datt988 17, Supp. 1. a
(28) Glukhovtstev, M. N.; Szulejko, J. E.; McMahon, T. B.; Gauld, J. N
W.; Scott, A. P.; Smith, B. J.; Pross, A.; Radom,J.Phys. Cheml994 = —
96, 13006, AH"=E,— 2RT (5)
(29) McMahon, T. B.; Heisnis, T.; Nicol, G.; Hovey, J. K.; Kebarle, P.
J. Am. Chem. S0d.988 110, 7591. wherem is the slope of the Arrhenius ploR is the ideal gas
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Table 3. Summary of Rate Data for the Reactions of Protonated or Deuteronated Dimethyl Etlgr dod Dimethyl Ether (ods)
Producing Trimethyloxonium Cation and Methanol (294 K)

dimethyl ether H?2 dimethyl ether D dimethyl etherds H* dimethyl etherds D*
Kapp,imd 10713 cm® 571 3.45+ 0.09 4.25+ 0.27 7.80+ 0.49 11.46+ 0.98
ki/ky/1074 1.97+ 0.06 2.44+ 0.15 4.76+ 0.30 6.99+ 0.60
k(exppe/10’ st 3.70£0.11 4.09+ 0.25 4.95+0.31 6.79+ 0.58
k(calcy¥/10’ st 5.23 4,57 2.57 2.63
k(exppe/10’ st 1.24+0.04 1.38+ 0.08 1.66+ 0.16 2.32£0.19
ki(calcy¢/10" st 1.72 1.49 0.78 0.79

2 Also reported in Table 12 Obtained by multiplyingk/ky, by ks, calculated by VTST¢ Calculated using a dissociation energy for IT of 34 kJ
mol~1. ¢ RRKM see text ¢ Calculated using a dissociation energy for IT of 39 kJ Thol

-28.35 — e ‘ in Table 3 for the isotopomeric reactions given by eqs 7 through
10.

Ea = 3.9:1.2kJ mol” (CHy),0 + (CHy),OH" — (CHy),0" + CH,OH  (7)
AH* = -1.1:1.2 kJ mol?

AS*=-116:15 J K mol!

-28.45 4

(CH,),0 + (CH,),0D" — (CH,),0" + CH,0D (8)

(CD,),0 + (CD,),0H" — (CD,),0" + CD,OH  (9)

ln kapp, tmo

(CD,),0 + (CD,),0D" — (CD,),0" + CD,0D (10)

Experimental values dfi/k, for the isotopomeric reactions as
well as “experimental” values df; obtained by multiplying

ki/kn by ky calculated by VTST are also given. The experimental
values ofk; are also compared with theoretical values, calculated
the same way as above, in Table 3. The experimental values of

-28.65

-28.75 4 ‘ ki increase slightly when substituting the proton by a deuteron
s a0 o 32 33 a4 a5 for both the I3 and @ reactions and there is an even more
1/ 10% K pronounced effect on going fromy ko ds in the reactants. The
isotope effects are very much underestimated by the theoretical

Figure 5. Arrhenius plot for the bimolecular reaction of protonated .
dimethyl ether and dimethyl ether producing trimethyloxonium cation Calcu_lat'(_ms' . .
and methanol. The slope and intercept as well as the errors associated 1 hiS disagreement between experiment and theory is most
with them were obtained from a weighted least-squares analysis from likely due to the calculation d& which may be rationalized by
SigmaPlot. looking at the structure of the transition state on going from IT
to TM in Figure 1. The GO bond lengths for the methyl cation
constant, and is the temperature. The slope of the Arrhenius to be transferred are both approximately 2 A. This would suggest
plot in Figure 5 yields a value fdg, of 3.9+ 1.2 kJ mof! and that each of the “fragments” making up the transition state
a AH* of —1.1 + 1.2 kJ motL. From the thermodynamic  (methanol, methyl, and dimethyl ether) are actually internal free
formulation of transition state theory, the intercept of the rotors. Assuming that each of these fragments is an internal
Arrhenius plotA can be written in terms of the entropy of rotor, deuteration acts to increase the entropy of the transition

activation, AS, state which decreases the entropic barrier to formation of
trimethyloxonium cation and methanol. A decrease in the

ke T entropic barrier would increase the sum of states associated with

A= TezeAS”R (6) the transition state and would have a more substantial effect

for the fully deuterated species. Neglect of the internal rotors

. in the transition state may then be the most probable source of
wherekg is the Boltzmann constant and all other terms have gisaqreement between the experimental and theoretical values
been defined above. Thus from the intercept of the Arrhenius ¢ K.

plot and eq 6, a&S*_of —116+ 15 J K™t mol™, is obtained. The fact that the free rotors do affect the entropic barrier can

These valueg, opFalned experimentally, are in accord with what pa yerified by comparing the experimental and calculated

is expected intuitively. entropy differences between reactants and the transition state
The experimental values, together wiNG*, are compared  to formation of trimethyloxonium cation and methanol in Table

with ab initio values reported in Table 2. The experimental 2. The ab initio entropy difference is significantly greater than

values are in fairly good agreement with the calculated values. the experimental since the former does not rigorously include

It is known that density functional theory typically underesti- the entropy from internal rotations.

mates energies of transition states which is apparent from Table )

3. There is some disagreement between the calculated and=onclusions

experimental entropy difference which is discussed further |t has been shown that the temperature dependence of the
below. bimolecular reaction of protonated dimethyl ether with dimethyl
Isotope Effect. The bimolecular apparent rate constants, ether to form trimethyloxonium cation and methanol can be used
Kapptmo for the formation of trimethyloxonium cation from to obtain meaningful transition-state energetics. Here, the
dimethyl ether and protonated dimethyl ether are summarizedchanges in enthalpy and entropy from reactants to transition
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state which are obtained, compare favorably to values predictedbetter agreement between the “experimental” and RRKM
by ab initio calculations. In gas-phase ion chemistry, experi- estimates ok; than the ab initio value of 34 kJ mdl The
mental relative enthalpy values for clustering reactions are quite difference in the magnitude of the experimental and theoretical
abundant, but information pertaining to transition-state energiesisotope effects irk; have been rationalized as being due to
are quite rare. It is clear from this work that low-pressure ICR neglect of internal rotations. The differences are consistent with
temperature-dependent studies can provide a valuable meanan increase in the entropy of the transition state, upon deutera-
for the experimental determination of transition-state energies. tion, due to presence of internal free rotations.

It is not possible to ascertain the experimental rate constant
for the elementary unimolecular dissociation of the isomer
dissociating to trimethyloxonium cation but, a rakitk, of the
two dissociation channels, both stemming from the high-energy
isomer, IT, of the proton-bound dimer of dimethyl ether can be
obtained. From VTST estimates kifk: was extracted from this
ratio and compared with modeled rate constants. A dissociation
energy for the high-energy isomer of the proton-bound dimer
of dimethyl ether of approximately 39 kJ mélgives much JA002972C
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