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Binding Energies of Proton-Bound Ether/Alcohol Mixed Dimers Determined by FTICR
Radiative Association Kinetics Measurements
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The reactions of protonated diethyl ether with ethanol and protonateeoipyl ether withn-propanol,
producing the mixed proton-bound dimers, were studied at low pressures in a FTICR cell. The pressure
dependence of the apparent rate constant for proton-bound dimer formation was investigated and yielded
unimolecular dissociation rate constarks,and photon emission rate constamts, for the nascent proton-
bound dimers at internal energies equal to the dissociation energies of the dimers. The expdsinvahials

were found to be 17 3 and 6.3+ 0.6 s'%, respectively, for the ethanol/diethyl ether amgropanol/din-

propyl ether proton-bound dimers. RRKM modeling of the unimolecular dissociation rate constants as a function
of the binding energies yieldeddatD K dissociation energies of the proton-bound dimers as#1d9and
105.14 0.6 kJ mot? for the ethanol/diethyl ether anstpropanol/din-propyl ether proton-bound dimers,
respectively. Using B3LYP/6-311G** thermal energies, the corresponding 298 K bond strengths were
determined to be 10& 1 and 99.5+ 0.6 kJ motlt. These agree quite well with those predicted by a simple
relationship based upon the differences in proton affinities of the neutral monomers. In addition, the association
reaction ofn-propanol with protonated di-propyl ether reaches what appears to be equilibrium at long reaction
times. The relative intensities of the product and reactant ions as well as the pressure ofnaguatpanol

were used to obtain an equilibrium constant for the reaction of®.8() x 10°at 294 K. From this equilibrium
constant and a calculated entropy of reaction of 128 3rol%, the 294 K bond strength was determined

to be 100.3+ 6.0 kJ mot?, in excellent agreement with the values determined from the radiative association
kinetics and B3LYP/6-311G** calculations.

1. Introduction clustering of two neutral bases, A and B where PA(A) is greater
than PA(B), the symmetrical proton-bound dimer AH#vould
gominate and little if any of AHB might be present unless the
partial pressure of species B is much greater than that of A.
(Pespite the experimental difficulties, Hiraoka et'albtained
thermochemical data from temperature-dependent equilibrium
studies using high-pressure mass spectrometry for numerous
AnH+ . An—lH+ +A n=23.. Q) water/dimethyl ethgr and methanol/dimethyl ether proton-bound
clusters by ensuring a large excess of water or methanol,

The monomer/dimer equilibrian(= 2 in eq 1) of numerous respectively, for the two mixed systems studied.
species have been extensively studied, and it has been shown Larson and McMahatused an ion cyclotron resonance (ICR)
that the symmetric dimers have binding energies that depend,mass spectrometer to study 28 mixed proton-bound dimers of
for the most part, only on the heteroatom. For example, sym- 0Xygenn-donor bases. Under the typical low-pressure conditions
metrical proton-bound dimers of oxygerdonor bases all have within the ICR cell, stabilizing collisions are not frequent enough
bond strengths of around 12934 kJ mot, whether the mono- 0 observe stabilization of the nascent proton-bound dimer.
mers be acids, alcohols, aldehydes, esters, ethers, ketones, diowever, using a ternary mixture of the two bases of interest
water. Similarly, proton-bound dimers of nitrogeionor bases ~ as well as (CHE)20, it was found that equilibrium could be
typically all have bond strengths of around 05 kJ mot 2. established even at low pressures @0orr). The role of
While symmetrical proton-bound dimer thermochemistry has (CHF2)20 in the mixturé is integral since bimolecular reactions
been extensively studied, that of unsymmetrical proton-bound leading to proton-bound dimers are involved. From the measured
dimers has received less attention. This is due to the fact thatequilibrium constants and estimatéd values, bond energies
the bond energies of unsymmetrical proton-bound dimers are for the mixed proton-bound dimers were obtained. Their studies
typically less than those of symmetrical proton-bound dimers Showed that the bond energy between a protonated basg, AH
since the proton affinity (PA) of one monomer is greater than and a base of lower proton affinity, B, was related to the
the other. This means that if one were to try to study mixed difference in proton affinities of the bases. This empirical

proton-bound dimers, AHB in a high-pressure source by the relationship for oxygem-donor bases can be summarized by
eq 2:

Thermochemical data for numerous symmetrical proton-
bound cluster ions have been determined by high-pressure mas
spectrometry. Temperature dependencies of the equilibrium
constants have been shown to give accurate enthalpies an
entropies for the clustering reactions
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SCHEME 1 If it is assumed thak;, is much smaller thak, and the strong
k k collision _assumption is used & 1), which are typically good
! ra assumptions, eqg 5 reduces to eq 6.
4" +B == [4B)] > 4B" + hv
_Kha , kifB] 5
19, kapp_ kb kb ( )

! pae

If it is assumed further that every collision betweeh &and B
results in formation of the nascent (AR and that every
AB* collision between (AB)* and B results in sufficient stabilization
of the complex (i.e f = 1, the strong collision assumption) to
The value 131 kJ mol in eq 2 represents the typical bond dramatically slow the rate of unimolecular dissociation, tken
strength of symmetrical proton-bound dimers of oxygetonor and k. can be estimated from the calculated collision rate
bases. constants. Therefore, by monitoring the depletion of &t
Using pulsed high-pressure mass spectrometry, Medt-Ner Vvarious pressures of neutral reactant and plotting the apparent
obtained thermochemical information for 48 mixed proton- rate constant against pressure of neutral reactant, the rate
bound dimers with—NH*---:O— linkages. A convincing cor-  constants for unimolecular dissociatiok,, and radiative
relation between the difference in proton affinitiesRA) of stabilization, ki, of the activated complex can be obtained
the two bases and the bond dissociation eneAdy’6) between directly from the slope and intercept, respectively. Master

the weaker base and the protonated monomer was alsoequation modelingis performed to simulatk, with the binding
determined (eq 3), energy of the ion/molecule complex as the only variable. The

binding energy is, then, that required to reproduce the experi-
AH°, = 125.5+ 6.3 kJmol* — 0.26+ 0.03APA| 3) ment_alkb from the master equation modeling. .

This method has been used by Dunbar’'s group to obtain
binding energies of metal cations to unsaturated hydrocarbons
and other organic compounds as well metal cation-bound
dimers!® Binding energies of symmetrical proton-bound dirffers
as well as NO/3-pentanont and NO'/iron(l1) porphyrintéion/
molecule have also been determined by this method.

In the present work we report the radiative association kinetics
of the unsymmetrical diethyl ether/ethanol andhgiropyl ether/
n-propanol proton-bound dimers. Radiative association and
unimolecular lifetimes are determined and compared with those
calculated by standard methods. Also, Dunbar’s method has
been used to obtain “experimentally” the binding energies of

Similar correlations were observed feiNH*--N— bonds in
ammonium ion dimers angOH"++-O— bonds in oxonium ion
hydrates and many other types of ionic hydrogen barids.

The observation of ambient temperature blackbody infrared
radiation induced dissociation within the low-pressure confines
of a Fourier transform ion cyclotron resonance (FTICR) cell
revealed a new method for determining bond energies of weakly
bound cluster§.Master equation modeling is done to simulate
the temperature-dependent blackbody infrared radiation induced
dissociation kinetics from which activation energies and Ar-
rhenius parameters are determined. The modeled Arrhenius .
parameters are compared with the experimental values usingthe two proton-bound dimers.
the threshold dissociation enerdy,, as a variable. The value
of E, required to successfully reproduce the experimental 2- Méthods
Arrhenius parameter is then taken as the dissociation energy. 5 1 Experimental. All experiments were carried out with a
Williams and co-workers have exploited this method to deter- gryker CMS 47 FT-ICR mass spectrometer equipped with a
mine bond energies of symmetrical and unsymmetrical proton- 4 7 T magnet. Vapor from samples of ethanol (100%, Consoli-
bound-® and alkali metal-bound dimetf biological impor- dated Alcohols), and-propanol (99.7%, Aldrich) were degassed

tance as well as dimers of deoxyribose nucleotides. using a minimum of three freez@ump—thaw cycles and were
Radiative association kinetics measurements have also beefoquced into the ICR cell via heated precision leak valves.

used to determine binding energies for ion/molecule complexes.The pressure inside the vacuum chamber was measured via a
At very low pressures, the collision between an ion and a cgjiprated ionization gauge. The calibration factors for pressures
molecule results in a nascent complex which is stabilized by ¢ ethanol and propanol were 1.5 and 1.25, respectively, and
emission of an infrared photon or, more rarely at very Iow \yere determined as described previodgly.
- : . 1

pr%ssuresl, by tcri)lllstlondwnr; "’t‘ third b°d¥ (th;ehmé 1). ration... 1€ Pulse sequence used for these experiments is shown in

Yy applying the steéady-state assumption to the concentralion gy e 1 jonization was done directly inside the ICR cell using
of (AB*)*, an apparent bimolecular rate constant for loss of ~100 ms pulses of 70 eV electrons. The first delay was

reactants is given by eq 4. incorporated to produce protonated diethyl ether or protonated
di-n-propyl ether (eqs 7 and 8, respectively) by ethyl cation

K, = ki(ka + BKJBI) 4) andn-propyl cation exchange, respectively.
Pkt kgt Bk]B]
CH,CH,0OH," + CH,CH,0H — (CH,CH,),OH" + H,0
By performing a Taylor series expansion about 8D to first (7)
order in [B], it is readily shown that the apparent rate constant
for formation of AB" is given by eq 51 CH3CH2CHZOH2+ + CH,CH,CH,0H —

(CH,CH,CH,)OH" + H,O (8)

B
kikia  Plokiko[B] )

- 2
ko + ke (ko + k) The kinetics as well as experimental transition-state thermo-

kapp
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Figure 1. Scan function for the FT-ICR experiments reported in this
work. l
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After an appropriate period of time for alkyl cation transfer,
the ICR cell was quenched of all ions except the desired Figure 2. Mass spectra taken after delays of 0, 600, 1200, and 1800
protonated diethyl ethen{z 75) or din-propyl ether vz 103) s of reaction between protonated diethyl ehtefz(75) and neutral
by standard rf ejection techniques. The isolated ion was then ethanol conducted at 294 K and an ethanol pressure of11®°
allowed to react for various periods of time with the neutral Mpar. Note that the spectra shown at longer delays are offset slightly
background gas, which was either ethanoheggropanol. The to higher mass for clarity.
rate constants for the association reactions in eqs 9 and 10 were
obtained from a least-squares fitting of a semilogarithmic plot
of normalized precursor ion intensity vs time.

100

[(CH,CH,),Ol[CH,CH,OHIH’

(CH4CH,),OH" + CH,CH,OH —
[(CHCH,),Ol[CH;CH,OH]H™ (9)

m=-474x10%s"

r2=0.997
= 1.3 x 10® mbar

(CH,CH,CH.,),0H" + CH,CH,CH,OH —
[(CH4CH,CH,),0][CH,CH,CH,OH]H" (10)

Normalized Intensity

Typical mass spectra for reaction 9 are shown in Figure 2 for 10 - P crom
various reaction times. The corresponding semilogarithmic plot Ky, = 1.4 % 1072 cm? s
T=294 K

is shown in Figure 3. The reactions were all performed at
ambient temperature (294 K).

2.2. Computational. Structures were optimized and vibra-
tional frequencies were calculated at the B3LYP/6-311G** level
of theory using the Gaussian 98 suite of progrdf3he
vibrational frequencies were scaled by a factor of 0.95 (ref 19)
for use in the RRKM modeling described below. ' * T i ' T ' ' ' 7

The dipole-corrected ion/polar molecule rate constdntnd 0 200 400 600 809 1000 1200 1400 1600 1800
k. (see Scheme 1), were calculated using the trajectory algorithm time /s
Figure 3. Semilogarithmic plot of intensity vs time for the reaction
of protonated diethyl ether with neutral ethanol. The temperature and

of Su and Chesnaviclh. The rate constant for radiative
stabilization k2, was modeled by standard meth#idssing eq I nor.
pressure conditions are the same as those in Figure 2.

1122
cal distribution of state€;(n), was calculated according to eq

Nm 0
ko= Z 1.25x 10 'nP(n)l? (11) 12
1I=1n=
hvin

P,(n,T) ex;{— ﬁ)[l - ex;{— %)

where h and kg are the Planck and Boltzmann constants,

(12)

Here, the first summation is over the number of normal modes
Nn, and the second summation is over the number of levels
included. The ab initio calculated vibrational wavenumbers

(in cm™1) and intensitied (in km mol™t) were used since, to
date, experimental vibrational wavenumbers and intensities for respectivelyy; are the vibrational frequencies inls andT is

complex polyatomic ions are virtually nonexistent. The canoni- the internal temperature of the newly formed dimer calculated
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1.9 TABLE 1: Summary of Rate Constants for the Protonated
Ether/Alcohol Association Reactions
Et,OH"/EtOH PeOH*/PrOH
81 k, = 2.40 (+0.29) x 10*s™ ¢ slope/10%cnf s7* 1.39+0.16 7.99+ 0.69
intercept/10*%2 cm? st 1.354+0.10 3.21+0.11
k, =17 (+3) s k/107° cm? st (calcy 1.90 1.68
17 k/107° cm® s (calcp 1.75 1.56
T ky/10° s71 240+ 29 3.28+0.28
© ka/s™t 17+ 3 6.3+ 0.6
§ kea (calc)/st 24 11
o 161 /s 42+5 305+ 26
= TralMS 59+ 10 159+ 15
~ correlation ¢)® 0.973 0.982
& 151 aDipole-corrected iorneutral collision rate constantsLeast-
squares fit of slope and intercept.
1.4 121
°
1.3 10 -
. : . . . . k,(exp) = 2.40 (+ 0.29) x 10* s™
0 2 4 6 8 10 12 y
8 | D, = 109 (1) kd mol
Pressure CH,CH,OH / 10™ mbar 8

Figure 4. Plot of the apparent rate constant for the formation of the
proton-bound dimer of diethyl ether and ethanol vs pressure of neutral «
ethanol.

8«1

k,/ 10

by solving the following equation numerically far

B hv;N, 12
Et_lz gmikeT — 43 TR

wherekE; is the threshold dissociation energy.

Theoretical unimolecular dissociation rate constants were o
obtained from master equation modeling using the VARIFEEX 01 v : I v
program, which uses variational transition state theory (VTST) 100 105 110 "s 120
in order to minimize the RRKM unimolecular dissociation rate Binding Energy / kJ mol”
constant due to the absence of a well-defined transition stater;y e 5. pjot of the RRKM-calculated unimolecular dissociation rate
structure for dissociation. The B3LYP/6-311G** calculated constant of the nascent proton-bound dimer of diethyl and ethanol at
geometries, vibrational wavenumbers, and intensities were various internal energies.
employed for these calculations.

vibrational frequencies and intensities are required. Since these

3. Results and Discussion calculated frequencies and intensities are those characteristic

3.1. Protonated Diethyl Ether/Ethanol. The reaction of of the 0 1 transition for an internally cool dimer, they cannot
protonated diethyl ether with ethanol produced only the mixed P€ expected to be the same as the frequencies and intensities
proton-bound dimer. The observed rate constant for formation for the nascent dimer, which is energetically at the dissociation
of the proton-bound dimer versus pressure of neutral ethanol isthreshold with~100 kJ mof™* of internal energy.
shown in Figure 4. As expected, the observed rate constant for The unimolecular dissociation rate constant for the nascent
formation of the proton-bound dimer increases with increasing diethyl ether/ethanol proton-bound dimer was determined to be
pressure due to an increase in the third-body stabilization rate.2.40 -0.29) x 10* s~ Unimolecular dissociation rate constants
However, at zero pressure the rate constant is nonzero due tovere calculated as a function of binding enekgyand the plot
stabilization of the nascent ion/molecule complex by the process of the calculated, vs E, is shown in Figure 5. As outlined by
of emission of an infrared photon, or radiative association. The Dunbar}®*1> the binding energy required to reproduce the
slope and intercept of the plot in Figure 4 are given in Table 1. experimental unimolecular rate constants was taken as the
Using the calculated ion/polar molecule collision rate constants binding energy of the proton-bound dimer. &I K binding
(Table 1) and using eq 6, the unimolecular rate constants for energy was determined to be 1491 kJ mol ™. The calculations

dissociation of the nascent ion/molecule complex,and for performed at the B3LYP/6-311G** level of theory result in a
radiative associatiork, are determined. These are also given 0 K binding energy of 114.6 kJ mol, in very good agreement
in Table 1. with our experimental value.

The rate constant for radiative association was found to be 3.2. Protonated Din-Propyl Ether/n-Propanol. The reac-
17 &+ 3 s'L. The calculated rate constant, calculated using egs tion between protonated dipropyl ether and-propanol was
11-13, is 24 s?t, which is only slightly higher than the slightly more complicated than that of the ethyl analogue
experimental value. Wé have attributed the disagreement described above. It was not possible to isolate protonated di-
between experimental and calculated values pds being due n-propyl ether am/z 103 exclusively, due to the presence of a
to the fact that, to calculaté,, ab initio estimates of the  species at/z 101 which could be due to a loss of ftom m/z
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a 100 + N
e (CH,CH,CH,),OH" (m/z 103)
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Figure 6. (a) Plot of intensities of ions vs time for the reaction of protonated-piopyl ether withn-propanol conducted at 298 K and a %2
1078 mbar of neutrain-propanol. (b) Semilogarithmic plot of intensity vs time for the reaction of protonated diethyl ether with neutral ethanol
showing the slope of the line used to determine the apparent rate constant for proton-bound dimer formation.

103 following the n-propyl cation exchange reaction. This product of a reaction between protonatedfiropyl ether and
reaction is roughly 30 kJ motl exothermic beginning with n-propanol which loses propene (eq 14).

n-propanol and protonatespropanol according to B3LYP/6-

31+G* calculations. Therefore, bottwz 101 and 103 were (n-C,H,),OH" + n-C,;H,OH —

present prior to the start of the kinetics experiment as is evident

+
from Figure 6. As well, very minor products atz 121, m/z (n-CgH,),0H-H,O" + CiHg (14)
133, andm/z 161 grow in at longer times. The productratz
161 is presumably due to clusteringrepropanol ontan/z 101. The product atmwz 133 is most likely due to loss of ethane

The peak atm/z 121 cannot be due to the proton-bound dimer from the nascent proton-bound dimermpropanol and dir-

of n-propanol formed by exchange of dipropyl ether for propy! ether, but this will be discussed further below. These
n-propanol. The proton-bound dimer fpropanol is expected  products are present at only about one to two percent of the
to be more strongly bound than the mixed proton-bound dimer total ion population and do not affect the kinetics appreciably.
(see below); however, the proton affinity of dipropy! ether Also apparent from Figure 6a is the observation that the
is much greater than that afpropanol (837.9 versus 786.5 kJ  reaction between protonated mHpropy! ether and-propanol
mol~1), such that the exchange reaction would be far too does not go to completion over the time observed (4500 s). This
endothermic to be plausible. Rathewz 121 is most likely a is due to equilibrium being established between association of
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6.0
k, = 3.28 (+0.28) x 10° s 12 4
55 | 2 = 6.3 (0.6) 5™ k,(exp) = 3.28 (+0.28) x 10° s™
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Figure 7. Plot of the apparent rate constant for the formation of the
proton-bound dimer of dipropyl ether andh-propanol vs pressure of
neutraln-propanol.

Binding Energy / kJ mol”

Figure 8. Plot of the RRKM-calculated unimolecular dissociation rate
constant of the nascent proton-bound dimer ofngiropyl and
n-propanol at various internal energies.

140
protonated di-propyl ether andh-propanol and the reverse

dissociation of the proton-bound dimer. The equilibrium will 135 4 o Larson and McMahon (ref. 4)
be discussed further below, but it is important to note that the o @ Hiraoka et al. (ref. 1)
apparent rate constant for proton-bound dimer formation is 130 4 m  This Work

determined only from the first two hundred to three hundred
seconds of reaction (initial rates) due to the complicating
equilibrium.

The observed apparent rate constants for proton-bound dimer
formation are plotted against the pressure of neut@lopanol
in Figure 7. The radiative association rate constant was
determined to be 6.3{0.6) s’ which agrees quite well with
the theoretical rate constant, which was calculated to be 11 s
Then-propanol/din-propyl ether proton-bound dimer obviously
has more degrees of freedom which are able to emit than the
ethanol/diethyl ether proton-bound dimer, but both proton-bound
dimers have only one very intense infrared moge3000 km
mol~1) corresponding to the motion of the proton oscillating
between the two monomers. This is the mode that contributes
most significantly to the photon-emission rate. The smaller value % 1 ; . T . » .
of ki, for the n-propanol/din-propyl ether proton-bound dimer 0 10 20 30 40 50 60
is expected since it has a significantly lower internal temperature, APA / kd mol™
520 K vs 640 K for the ethar_lc_)I/dlethyI ether proton-bound dimer Figure 9. Plot of bond strength of unsymmetrical proton-bound dimers
(eq 14), due to the 27 additional vibrational modes. s the difference in proton affinities of the monomers. The linear

The unimolecular dissociation rate constant was determined relationship shown between the bond strength and difference in proton
to be 3.28 £0.28) x 10® s™L. In the same way as above for the affinities was determined using only the data from Larson and
protonated diethyl ether/ethanol system, the binding energy for McMahor? (open circles).
the proton-bound dimer of di-propyl ether anah-propanol was
determined to be 1054 0.6 kJ mof? (Figure 8). The B3LYP/ As stated above, Larson and McMaRaterived an empirical
6-311G** calculated value for the binding energy was found relationship between the mixed proton-bound dimer bond
to be 112.0 kJ mot, also in very good agreement with the strengths and the difference in proton affinities of the two
experimental value. monomers. This relationship was given above in eq 2. The data

3.3. Bond StrengthsThe binding energies derived from the  from Larson and McMahdrhas been plotted in Figure 9 along
radiative association experiments are in good agreement withwith the linear relationship given by eq 2. To compare the
the ab initio values. Nevertheless, it is of obvious interest to experimental values with the relationship shown in Figure 9,
compare the experimental values of the binding energies our 0 K binding energies must be converted to 298 K bond
determined here to those determined by other experimentalstrengths. The B3LYP/6-311G** calculated thermochemistry
methods. To our knowledge, however, neither the binding was used for this correction. The difference in total thermal
energies nor the bond strengthor the proton bound ether/  energies for the reactions in eq 10 and 11 were calculated to be
alcohol systems discussed here have been previously reporteds.3 and 5.6 kJ mot, respectively. Using these corrections, the

AH,° =131 kJ mol” - 0.5 x APA

115 A

110 4

Bond Strength / kJ mol™

105 4

100 -
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TABLE 2: Results of Equilibrium Experiments for the Reaction of Protonated Di-n-Propyl Ether with n-Propanol
preSSUre‘\-Pr()Hal |15;¥|103 kec{294)/1G0 AG294°/I(J motl? AH°/kJ I’T‘]Orlb
1.0x 10°8 1.064+ 0.02 10.3+ 0.2 —62.8+1.2 —100.4+ 1.2
2.2x 108 2.02+0.13 9.3+ 0.6 —62.6+ 4.0 —100.2+ 4.0
4.4x 108 4.65+ 0.33 9.9+ 0.7 —62.7+ 4.5 —100.3+ 4.5
9.8+ 0.9 —62.7+ 6.0 —100.3+ 6.0

a|n mbar.” Assuming aAS’ for the reaction to be 128 JK mol~* (calculated B3LYP/6-311G**).

100 "
® (CH,CH,CH,),0H" (m/z 103)
90 3 m  [(CH,CH,CH,),0][CH,CH,CH,OHH" (m/z 163)
A m/z101
80 ¢ m/z121
O m/z133
v m/z161
> 70 -
‘B
$ 60
=
B 50 -
N T=313K
E 404  Ppow=11x10" mbar
S
-
30
20 ~
10 H
gy : i j
0 -G T T T
0 500 1000 1500 2000 2500 3000 3500 4000
time/s

Figure 10. Plot of intensities of ions vs time for the reaction of protonated-giropyl ether withn-propanol conducted at 313 K and a x110~7

mbar of neutrah-propanol.

bond strengths are 108 1 and 99.54 0.6 kJ mot? for the
ethanol/diethyl ether anmatpropanol/din-propanol proton-bound

of experiments were conducted at elevated temperatures, and it
was found that even after 4500 to 5000 s equilibrium could not

dimers, respectively, and these values are plotted against theébe established. In Figure 10 are shown the intensity profiles

corresponding differences in proton affinities in Figure 9 as well.

for all ions observed vs time for the experiment conducted at

Also in Figure 9 are the data for the proton-bound dimer of 313 K. It is evident that protonated dipropyl ether and the

methanol and dimethyl ethérThe 298 K bond strengths

proton-bound dimer ofh-propanol do not reach equilibrium.

determined here are, in fact, in excellent agreement with the Also, m/z 133 grows in to roughly the same intensity as in the
expected values based on the differences in proton affinities.294 K experiment (Figure 6), but the ion responsible rige

3.4. Equilibrium in Protonated Di-n-Propyl Ether/n-
Propanol System.lt is evident from Figure 6a,b that a steady
state has been established for the reaction of protonatad di-
propyl ether withn-propanol at long reaction times. Equilibrium

101 grows in much faster than in the 294 K experiment and
actually becomes the dominant ion after 4000 s. The ions at
m/z 101 andm/z 133 are not likely to be products of reaction
betweem-propanol and protonated dipropyl ether, since their

in low pressure radiative association studies has been observedhtensities do not begin to increase immediately after zero time.

previously in the reaction of NO with iron(Il) porphyrifsand
for the hydration reaction of protonated 18-crowA%6The
steady-state ratio ofiVz 163 to m/z 103 (1691103 is 2.02 x
0.13 for the experiment conducted at a neutmgbropanol
pressure of 2. 108 mbar. Experiments were also conducted
at neutral pressures of 1:0 108 and 4.4x 10-8 mbar with
l1691103 Values of 1.06+ 0.02 and 4.65t 0.33. These values

of 11691103 together with the respective pressures yield equilib-

Rather, the ions begin to increase in intensity after the
accumulation of somenwz 163, the proton-bound dimer of
n-propanol and dir-propyl ether. The production afyz 133
andm/z 101, therefore, is most likely a product of a series of
unimolecular decomposition reactions beginning with the ther-
malized proton-bound dimer. As the temperature increases the
rate of formation ofm/z 101 increases, indicating that there is
at least a slight barrier along the pathway framz 163 ton/z

rium constant values shown in Table 2. Assuming an entropy 101. Since there is little accumulation ofz 133 it is likely

change associated with this reaction of 12873 Kol~1, which
was the value from B3LYP/6-311G** calculations, the equi-
librium experiments yield a 294 K bond strength of 106:3
6.0 kJ mot?, which is in excellent agreement with the value
obtained from the radiative association kinetics, 99.8.6 kJ
mol~! and the B3LYP/6-311G** value of 106.4 kJ mal

It can be seen from Figure 6 that the speciesn&t 133
increases slightly, to roughly 4% of the total ion population
over the course of the experiment. Similamyz 101 increases

that the bottleneck is the decompositiomaf 163 to formm/z

133, which then undergoes a more facile decomposition to form
m/z 101. A possible mechanism for this reaction is shown in
Scheme 2.

4., Conclusions

The reactions of protonated diethyl ether with ethanol and
protonated dir-propyl ether withn-propanol, producing the

slightly in intensity over the 4500 s observation time. A number mixed proton-bound dimers, were studied at low pressures in
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