11726 J. Phys. Chem. R002,106,11726-11738

Reactions of O™ (H20)o1 with Alkylbenzenes from 298 to 1200 K
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Rate constants and branching fractions have been measured for the reactig@s afnd HO"(H,O) with

toluene (GHs), ethylbenzene (§Hi0), and n-propylbenzene (6., as a function of temperature using a
variable temperature-selected ion flow tube (VT-SIFT) and a high-temperature flowing afterglow (HTFA).
The reactions have been studied up to 1200, 1000, and 900 K for toluene, ethylbenzenpramdbenzene,
respectively. The measurements are the first fgdHH,O) with these reactants. The®" + alkylbenzene
reaction rate constants are equal to the collision rate constants given by-t@h&snavich equation at all
temperatures. Both nondissociative and dissociative proton-transfer products are obsgbverbadts with

toluene above 900 K to produceldy™, C;H;+, and GHs™ predominately, whereas only;8y™ is observed

at lower temperatures. Proton transfer fronOH to ethylbenzene produceshi;™ exclusively at 300 K,

and by 800 K, GH;* is the major product with only minor amounts ofH;" and GH;" being formed.

Both nondissociative and dissociative proton-transfer products are observed at all temperatur&for H
reacting with propylbenzene producingHGs" as the major product at low temperatures ant:C and

CsH7" as the major products at temperatures above 650 K, with minor amountgHef Gbserved at all
temperatures. For all three alkylbenzenes reacting wi@rkH,O), nondissociative proton transfer dominates

at low temperature; however, at 300 K, an association complex of all three alkylbenzenes@iitHD)

is observed (1418%). At higher temperatures, dissociative proton transfer is observed@i(H,O) reacting

with ethyl- and propylbenzene with similar product yields as observed in @& eactions. All of the
H3O"(H,0) + alkylbenzene proton-transfer reactions are fast even though the proton affinigDdotH}O)

is 140 kJ mot? less than that of D making the HO"(H,0) reactions endothermic. More specifically, the

rate constant for the reaction og®&"(H,O) with toluene is ca. half the collision rate constant at 300 K and
equal to the collision rate constant at temperatures above 300 K even though the reaction is endothermic by
25 kJ mof™. Similarly, the reaction rate constants fos®f(H,0) reacting with ethyl- and propylbenzene are
equal to the collision rate constant at all temperatures despite being endothermic by 21 and 19'kJ mol
respectively. Therefore, predictions based simply on reaction energetics would severely underestimate the
reactivity of HHO™(H,O) with these alkylbenzenes. The possibilities of neutral water dimer production, ligand
switching, uncertainties in the thermochemical data, and decomposition of the ionic products are considered
to rationalize the observation of proton transfer where it is not thermodynamically feasible.

Introduction protonated water clusters have been perforfietf.Recently,
Adams and co-workers have studied the reactions of
H3O*(H,0), for n = 0 and 1 with several thiol and sulfide
compounds at 300 K in a selected ion flow tube (SIFT). Most
notably, proton transfer has been observed to occur with
H30™(H.0) where it is not thermodynamically feasible, allowing
for the investigation of the contributions of neutral water dimer
production, entropy-driven reactions, and thermal dissoci&fion.
Thermal dissociation processes have recently been studied in
our laboratory at high temperatures using the high-temperature

The kinetics of a series of isrmolecule reactions with  lowing afterglow (HTFA);® and entropy-driven reactions are

hydrocarbons have been studied using fast flow tubes at 20820 equally fertile topié?272%

K,59 as have their temperature dependentie¥, including Recent changes to the HTFA apparatus make it possible to
the reactions of kD" with several alkanes up to 500 K using generate BO*(H20) for kinetics studies up to 1000 K. Both

a variable temperature-selected ion flow tube (VT-SIET). the VT-SIFT and the HTFA have been previously employed
However, no data exist on " (H,O) reacting with these together for studying the rate constants and branching fractions
species. In fact, few studies of iemolecule reactions involving ~ of NO* and Q" charge-transfer reactions with toluene/ffg),
ethylbenzene (§H10), and n-propylbenzene (6412) to high

Water is a key atmospheric constituent at low altitude and a
major combustion product. The hydronium ion and numerous
water clusters thereof, denoted aglHi(H20),, are found in
the atmosphefe® and are quickly produced in humid air
plasmas, often representing the bulk of the ionic species. In
addition, HO" is known to exist in interstellar gaseand in
the ionospheré? Nevertheless, only the smallest of the proto-
nated water clusters, i.en,= 0 and 1, are stable in many high-
temperature environments.

T Originally submitted for the “Jack Beauchamp Festschrilt’Phys. temperature&® The temperature dependencies of the branching
Chem. A2002 106, No. 42 (October 24). . fractions measured in this fashion have allowed us to construct
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Midey@hanscom.af.mil. breakdown curves and investigate the dissociation dynam-
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utilized to measure rate constants and branching fractions for T T T T T T T
the reaction of HO*(H,0), for n = 0 and 1 with toluene, 10000 ¢0*(H20)

ethylbenzene, analpropylbenzene from 298 up to 1200, 1000, w

and 900 K, respectively. The dissociation dynamics illustrated

by comparison of the temperature dependencies of the two 1000
reactant ions are discussed.

CSHn+ a)

Signal

Experimental Section 100

The experiments have been conducted using the VT-8IFT
and HTFA! instruments at the Air Force Research Laboratory.
The instrumental methods have been discussed at length 10
elsewher&-3tand will only be briefly outlined. However, recent
modifications to the HTFA source region will be described in
detail.

100

lons are generated in the VT-SIFT in a high-pressure source 400 ——T—7— '\Inassl (a":") —
region. Electron impact ionization of a sample of room- L J
temperature water vapor introduced into an effusive ion source 350 CeHyt" -
generates ions. The desired reactant ion is selected with a 200 - b ]
quadrupole mass spectrometer and injected into a fast flow of | i
helium buffer gas by way of a Venturi inlet. The neutral reactant 250 - -
gas is introduced downstream where it reacts over a known 8 - :
distance. The neutral reactant and product ions are sampled 2 2001 7
through a nose cone aperture and resolved with a second 150 - |
guadrupole mass analyzer and then detected with an electron 5 J
multiplier. An excess of reagent gas is used so that the rate 100 |- -
constants are determined through pseudo-first-order kinetics. The B . 3CgHq" 7
relative error in the rate constants4s15%, and the absolute 0 [ CaH1o ]
error is +25%3° P S L N )

- 1
104.0 1050 1060 1070 1080 109.0

The nascent product ion distributions are determined by Mass (amu)

extrapolating the branching fractions to zero neutral reactant ) _ _
flow to eliminate the effects, if any, arising from reactions of Figure 1. (a) Low-resolution mass spectrum showing the reaction of
the product ions with the excess neutral reactant. The individual 70" (H20) with ethylbenzene (f4y) in the high-temperature flowing

d b hing f - d ined i Fi afterglow (HTFA) using the new source design described in the
product branching fractions are determined in two steps. FIrst, g, perimental Section and illustrated in Figure 2 and (b) high-resolution

the branching fractions among the different @oducts are mass spectrum showing the individualH; peaks.
measured at low mass resolution to minimize mass discrimina-

tion, and then the branching fractions for each geak are Gas Inlets Teflon Seal Flow Tube Pressure Line
measured at high mass resolution to determine the branching —

between ions differing by a single mass unit. Corrections are 3 ¥ /
made for the contribution of naturally occurridgC isotope | 5 I %

I
mass2C products containing an additional H atéfnFigure
la,b shows example mass spectra at low and high mass
resolution for the reaction of 0™ (H,0) with ethylbenzene at Source /"
600 K in the HTFA. Housing I~ Buffer Inlet Source Inlet

Experiments are conducted similarly in the HTFA, except Filanents  Source Inlet
reactant ions are not_ _rr_lass-selec_ted before the rea_ctlon ZoneFigure 2. Newly designed upstream region of the high-temperature
To expand the capabilities of the instrument, the entire cooled fioying afterglow (HTFA) including a redesigned source region. See
upstream region has been redesigned as shown in Figure 2text for details.
Previously, the ion source including all electrical and gas
feedthroughs has been aligned coaxially with the flow tube. In inlet. Downstream from the two inlets, a thoriated iridium
the new design of Figure 2, the upstream region is a stainlessfilament creates ions. A third inlet allows gas to be added
steel tee that interfaces with the flow tube through a Teflon downstream of the filaments. In practice, one of two filaments
seal. A water-cooled copper heat exchanger chills the tee justis available. The filaments are connected to an external switch,
upstream of this seal. The two ends of the tee make areducing the number of times the flow tube must be opened to
continuation of the flow tube. The upstream end of the tee, air for maintenance. Opening the system requires extensive
which is coaxial with the flow tube, supports all of the flow outgassing of the firebrick in the furna@dor the system to be
tube gas feedthroughs including the pressure port, consistingclean enough to measure branching fractions. The filament is
of bent 0.25 in. o.d. industrial-grade quartz tubes that rest on biased with respect to the grounded tee, usually from 25 to 100
the bottom 6a 7 cmdiameter industrial-grade quartz flow tube. V. An emission regulator is used to control the level of
The quartz tubes allow for operation up to 1400 K. For operation ionization via the filament emission current.
to 1800 K, the quartz tubes can be replaced with ceramic ones. When a helium buffer is used, Heand He* are produced

The sidearm of the tee shown in Figure 2 houses the new through electron impact. An inlet downstream of the filament
ion source region. A buffer gas enters the flow tube at the sourceintroduces a source gas that reacts with these energetic helium
flange, where a source gas can also be added through a seconspecies to create the positive ion of interest. The entire source

Reactant
Inlet

peaks in the high-resolution experiments that overlap with higher T
Aperture @

Cooling Lines
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resides inside a 3.5 in. diameter housing with a replaceableimportance occur. ArH also reacts with kHto produce H"
diaphragm. The aperture size has a variable diameter rangingthat easily undergoes proton transfer with wafekny H,™ ions
from 0.125 to 1.25 in. to control the source pressure. The generated react with Ar to give ArHand with H to form Hg*,
H3O™(H,0) experiments, for example, use a 0.25 in. diameter providing additional pathways for creating®". In addition,
opening that results in a source pressure of approximately 20Ar* charge transfers to #, forming HO* that directly

Torr for typical buffer flows. For the kD™ experiments, a 1
in. diameter aperture has been used.

produces HO™ via proton transfer and also reacts with té
generate K".1° Through the use of this complicated scheme,

The new upstream configuration provides several advantagesH;O" ions comprise>80% of the ions in the flow tube with
The ability to control the source pressure decreases the amounta. 6% each of kD*(H,0), O,", and ArH", as well as ca.
of source gas required to complete the reactant ion chemistry.2—3% total of NH™ (from N;* reacting with H and HO) and

This reduces the likelihood that additional reactions with the

trace amounts of §t. Corrections for these species are made

source gas will take place in the reaction zone, minimizing their to the branching fractions as discussed later. Surprisingly, this
contribution. Also, having the source in the sidearm results in reaction scheme is the cleanest way to mak®™Hn the HTFA.

a good shield for ultraviolet emissions from excited species Other source conditions produce a larger fraction of impurity
generated in the source chemistry. This shielding has previouslyions.

been done with baffles because ultraviolet light in the down-

stream region can create a diffuse source of ions throughoutpurities:

the reaction zone complicating the measurements.

The alkylbenzene samples are all liquids with the following
toluene (Aldrich, 99%), ethylbenzene (Aldrich,
99%+%), andn-propylbenzene (Aldrich, 98%). The samples

The mass spectrum shown in Figure 1a was obtained usingare used as obtained from the manufacturer except for perform-

the new source configuration in the HTFA at a flow tube
temperature of 600 K. Note that the ion intensity scale is
logarithmic. The cluster ion accounts for over 95% of the total
ion signal. To generate #*(H,O), helium carrier gas is

bubbled through a water sample at room temperature and
introduced into the source region downstream of the filaments.
A needle valve controls the bubbler pressure to adjust the

concentration of water vapor in the Hef®l gas mixture.
Average HO number densities in the source region of 83

x 10" cm~2 occur under these conditions, which is much larger
than the 2x 10*2 cm2 H,0 number density present in the flow
tube. The favorable operating conditions for generating
H3O™(H0) can be maintained from 500 to 800 K. Dissociation

of the cluster increases above 800 K, giving larger amounts of
H3O" as the flow tube temperature increases. Consequently,

no appreciable kO*(H,0) signal can be generated over 1000

K. Below 500 K, higher order water clusters are also observed.

Clustering needs to be minimized to generat©H cleanly

ing several freezepump—thaw cycles to remove trapped gases.
The gases used are argon (AGA Gas, 99.999%), helium (AGA,
99.999%), and hydrogen (Air Products, 99.999%). The distilled
water samples have been pumped on to remove dissolved gases.

Results

Table 1 shows the rate constants and branching fractions for
the reactions of BD™(H20), for n = 0 and 1 with toluene,
ethylbenzene, ana-propylbenzene from 298 to 500 K as
measured in the VT-SIFT. The standard reaction enthalpies at
298 K in kJ mot* have been calculatét®*and are also listed
in Table 1. The total average energy available for readippC]
in kJ mol! at a given flow tube temperature shown in Table 1
has been calculated using eq 4:

= (KEDH B0+ (™ S R0 ()

in the HTFA. The first solvated species is quite stable and is where the average kinetic energyKEL] and the average
readily produced even at the 0.5 Torr pressure in the flow tube. rotational energy in both the aromatic and ionic reactants are

Thus, the amount of O in the system needs to be minimized.

each’¥/,(k,T). The average vibrational energies for the ionic and

However, energetic He species generated in the source regiomeutral reactants represent ensemble averages over Boltzmann
also need to be consumed. To address these concerns, the ioréstributions in the harmonic approximation. The alkylbenzene
have been prepared as follows. A 1-in. diameter aperture hasvibrational frequencies have been previously calculated using
been used on the source, decreasing the source pressure tgaussian 98 for all normal mod&sThe vibrational frequencies

around 78 Torr at typical buffer flows. The buffer gas passes

of H;O"(H,0) have been taken from the ab initio calculations

through a liquid nitrogen cooled sieve trap to remove water of Schaefer and co-workers for the global minimum energy

vapor to prevent additional cluster formation outside of the

structure havindC, symmetry3® Using their frequencies in the

source region. A needle valve bleeds in room-temperature wateralternateCs symmetry gives a total vibrational energy that differs

vapor from a bulb, and it enters the flow tube at an inlet 10 cm

by <1%. The vibrational frequencies for;8" are taken from

inside the upstream heated end of the flow tube. Argon gas isthe NIST-JANNAF thermochemical tablés.
added upstream of the filament, and hydrogen is added The standard reaction enthalpies at 298 K in kJthblve

downstream of the filament. A simplified picture of the source
chemistry is illustrated by eqs—13:1°

He* + Ar — Ar" + He (1)
Arf+H,—~AH" +H (2)
ArH' + H,0—H,O" + Ar (3)

Argon reacts via Penning ionization with the energetic He
species formed by electron impact on the buffergashe Ar"
ions then react with kto give ArH' that is readily converted
to H;O*. In addition, a number of other reactions of minor

been calculated=3*and are also listed in Tables-%. Discus-
sions of the experimental results, particularly those involving
the HO™(H,0) reactant, depend on the energetics of the
processes involved. Therefore, it is important to have an
understanding of the uncertainty of the calculated reaction
enthalpies. Unfortunately, good error limits are not readily
available for the thermodynamic quantities found in compilations
and reviews. The most important thermodynamic parameter
determining the error in the reaction enthalpy of the nondisso-
ciative proton-transfer channels is the difference between the
proton affinity of O and that of the alkylbenzene, a quantity
reported to 0.1 kcal mot. Therefore, we estimate the maximum
error to be 4 kJ mott (1 kcal mol™?) for the proton affinities.
Other important quantities are the bond strengths e® H
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TABLE 1: Rate Constant and Branching Fractions for the Reactions of HO*(H,0)0.1 with Alkylbenzenes in the Variable
Temperature-Selected lon Flow Tube from 298500 K2

rate constants and branching fraction

lon reactant AHZ 208 298 K 400 K 500 K
Toluene (GHsg)

[av totED 20 30 39

HsO* products 2.3[2.2] 2.4[2.1] 2.0[2.1]
C/Hg™ + H-0 -93 1.00 1.00 1.00

[av totED 25 40 59

H3O*(H-0) products 0.9[1.7] 1.4[1.6]
C/Ho* + (H20) 25 0.82 1.00
H30"(H20)C/Hs 0.18

Ethylbenzene (§H10)

[Av totEDJ 22 33 46

HsO* products 25[2.4] 2.6[2.3] 2.5[2.3]
CgH11" + H.0 -97 1.00 0.98 0.96
C7H;" + CHs + HO —88 0.02 0.04

[Av totE] 27 43 66

H30"(H20) products 1.6 [1.8] 1.6 [1.8]
CgHut + (H20)2 21 0.83 1.00
H30"(H20)CeH1o 0.17

n-Propylbenzene (§H12)

[Av totED 24 39 53

HsO* products 2.5[2.6] 2.4[2.5] 2.3[2.5]
CoH1s" + H,0 —99 0.94 0.91 0.75
CH7* + CoHe + H20 —76 0.06 0.09 0.10
CsH7™ + C3Hg + HO 41 0.06
CsHs™ + C4Hg + HO 291 0.01
s-C3H7" + CsHe + H0 42 0.07

[av totED 29 49 73

HsO"(H20) products 1.8[1.9] 18[1.9]
CoH1s" + (H20). 19 0.86 1.00
HsO*(H20)CoH12 0.14

aThe collision rate constant&, are given in brackets next to the experimental values, both in units dfct® s . The standard reaction
enthalpies at 298 K and the average total energy available at each temperature are both given in units df kdamiolum errors in reaction

enthalpies are-12 kJ mot™ for the nondissociative channels a#d5 kJ mot? for the dissociation channels. (See text for details).

TABLE 2: Rate Constants and Branching Fractions for the Reactions of HO"(H,0)1 with Toluene in the High-Temperature
Flowing Afterglow from 500 to 1200 K2

HsO*
rate constants and branching fraction
toluene (GHg) AHY 208 500 K 700 K 850 K 900 K 1000 K 1100 K 1200 K
(av totEQ 39 83 117 128 154 180 236
[k [2.1] [2.1] [2.1] (2.1]
products 2.0 2.0 1.8 2.3
C7Ho" + H,0 -93 0.98 0.87 0.81 0.29
C7Hg+ + H + H,O 236 <0.01
C;H7" + Hzt HO —-35 0.09 0.13 0.49
CsHe™ + CH; + HO 239 <0.01 <0.01 <0.01 0.04
CeHs™ + CHs + HO 170 <0.01 0.02 0.05 0.18
H3O*(H-0)
rate constants and branching fraction
toluene (GHg) AHY 208 500 K 700 K 850 K 900 K 1000 K

[&v totEl] 59 107 149 163 194

[kl [1.6] [1.6] [1.6]

products 1.6 1.6 1.5

C7Hg" + (H20):, 25 1.00 1.00 0.98 1.00

C7H8Jr +H+ (H20)2 361 <0.02

aThe collision rate constantk, are given in brackets above the experimental values, both of which have units®afrfds™. The standard
reaction enthalpies at 298 K and the average total available energy at each temperature are both given in units bfMaximolm errors in
reaction enthalpies ar212 kJ moi™ for the nondissociative channels afid5 kJ mot™ for the dissociation channels. (See text for details).

bound to HO™ and HO. The latter is well-knows’~3° and are protonated benzeneHG ", and protonated propaneshG; ™.

the former has been measured oftand calculated at a high ~ The proton affinity for benzene and propane are well-established,
level of theory3® The errors in these values can be estimated to and the neutral organic products are alkenes with well-known
be at most 10 kJ mot. This leads to an overall maximum error  enthalpies of formation. Therefore, we estimate the maximum
of 412 kJ mof™ for the nondissociative proton-transfer reaction errors of the reaction enthalpies of the dissociative reaction
enthalpies. For the dissociative channels, the main ionic productschannels to be:15 kJ mof™.
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TABLE 3: Rate Constants and Branching Fractions for the Reactions of HO"(H,0),1 with Ethylbenzene in the
High-Temperature Flowing Afterglow from 500 to 1000 K2

HO*"
rate constants and branching fraction

ethylbenzene (§10) AHP 208 500 K 600 K 650 K 700 K 800 K 900 K 1000 K

[Av totED 46 72 84 96 121 150 180

[k [2.3] [2.3] [2.3] [2.3] [2.3] [2.3] [2.3]

products 2.4 2.7 1.7 2.6 1.9 1.9 2.4

CgHit + HO -97 0.99 0.94 0.83 0.68 0.19 0.01 0.01

C;H;" + CHy + HO —88 0.02 0.01 0.02

CeH7" + CoHy + HO 51 0.01 0.06 0.17 0.32 0.79 0.98 0.97

H3O*"(H.0)
rate constants and branching fraction

ethylbenzene (§10) AHZ 208 500 K 600 K 650 K 700 K 750 K 800 K 850 K 900 K 1000 K
[Av totED 66 91 105 120 134 150 168 185 220
[kd] [1.8] [1.8] [1.8] [1.8] [1.8] [1.8] [1.8] [1.8]
products 15 1.7 1.5 2.0 2.2 1.8 1.8 1.6
CgHis™ + (H20)2 21 >0.99 0.96 0.93 0.75 0.53 0.30 0.25 0.12 0.01
CgHio" + H + (H20), 355 <0.02 <0.02 <0.01 <0.02
C;H7" + CHs+ (H20). 37 <0.01 <0.01 <0.01
CeH7" + CoHas + (H20): 169 0.02 0.05 0.24 0.45 0.68 0.74 0.88 0.99
CeHe+ + CoHs + (Hzo)z 356 <0.01 <0.02 <0.01

aThe collision rate constantk, are given in brackets above the experimental values, both of which have units®afrtDs*. The standard
reaction enthalpies at 298 K and the average toluene rovibrational energy at each temperature are both given in unitstoMakimlm errors
in reaction enthalpies ar€12 kJ mof? for the nondissociative channels a#d 5 kJ mot? for the dissociation channels. (See text for details).

TABLE 4: Rate Constants and Branching Fractions for the Reactions of HO"(H,0)01 with n-Propylbenzene in the
High-Temperature Flowing Afterglow from 500 to 900 K2

H;O*"
rate constants and branching fraction

n-propylbenzene (§H12) AHY 208 500 K 600 K 650 K 700 K 750 K 800 K 900 K
[Av totE] 53 84 96 111 125 140 172
[ke] [2.5] [2.4] [2.4] [2.3] [2.3]
products 2.0 2.1 2.0 2.0 2.8
CoHiz™ + HO —99 0.90 0.49 0.01 0.04 0.03
CoH1ot + H + H,0 226 <0.01 <0.01 <0.01

C/H;t + CoHg + HO —76 0.03 0.01 0.01 0.10 0.06
CeH7™ + CsHg + HO 41 0.03 0.29 0.62 0.58 0.53 0.51
CsH7t + CgHs + HO 123 0.03 0.20 0.36 0.40 0.33 0.40
S'C3H7Jr + CgHg + H2O 42

H3O"(H.0)
rate constants and branching fraction

n-propylbenzene (6:2) AHP 208 500 K 600 K 650 K 700 K 750 K 800 K 900 K
[Av totED 73 103 117 135 151 169 207
[k [1.9] [1.9] [1.9] [1.9] [1.8]
products 1.6 2.4 25 2.2 2.2
CoHis" + (H20), 19 >0.98 0.63 0.25 0.10 0.04 0.03 0.02
CoHi2t + H + (H20), 351 <0.01 <0.01

C7H7+ 4+ CoHg + (H20), 49 <0.01 0.01

CeH7" + CsHe + (H20), 159 <0.01 0.25 0.51 0.60 0.54 0.60 0.52
CeHet+ + CsH7 + (H,0); 361 <0.01 <0.01
CsH7" + CgHs + (H20), 248
s CsH;t + CsHp + (H20) 160 <0.01 0.11 0.24 0.29 0.41 0.37 0.46

aThe collision rate constantk, are given in brackets above the experimental values, both of which have units®afrtDs*. The standard
reaction enthalpies at 298 K and the average toluene rovibrational energy at each temperature are given in units of\édximolim errors in
reaction enthalpies ar&12 kJ mot? for the nondissociative channels a#d5 kJ mot? for the dissociation channels. (See text for details).

The magnitude of the temperature dependence of the reactionACy(T), in eq 5 is
enthalpies has been estimated as well. Rt formation with
ethylbenzene at 1000 K and for bothgtG™ and GH7™ - i i
formation with propylbenzene at 900 KAH(T) has been ACM = Z v G(M Z 2 G(T) ®)
calculated using eq 5 ' !

products reactants

T The temperature-dependent change in the constant-pressure heat
AH(T) = AH(298K) + LQBACp(ﬂ dar (5) capacity is summed over the individual reactants and products
that have reaction coefficients of The values ofC,(T) for a
where the change in the constant-pressure heat capacitygas are well-represented by the JANNAF polynomials given
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by eq 7 that allow for nonideal behavior, where the coefficients branching fractions show that nondissociative proton transfer

are available in the literatufg:40.41 products predominate at 298 K and are the only products
) observed at 500 K.
Cy(M/R=2a; +a,T+ a;T" + 3‘4T3 + a5T4 (7) Tables 2-4 show the results for 0+ (H,0), with n = 0

. and 1 reacting with toluene, ethylbenzene, aftopylbenzene,
Unfortunately, the coefficients for 40*(H,0) and (HO). are respectively, as measured in the HTFA. Decomposition of the

unavailable. ThereforeC,(T) has been approximated using  5romatic reagent in the flow tube before reaction limits the

C.”(T) _calculated usin_g the partition functions for translational, maximum temperature at which reactions can be studied in the
vibrational, and rotational energy levels assuming an ideal gas y1ea to 1300 K for toluene. 1000 K for ethylbenzene, and

gnder t.he rigid rotor an.d harmonic o§cillator approxi_mations 900 K forn-propylbenzene. This upper limit has been indicated
in the high-temperature limit as shown in egs® for nonlinear in previous charge-transfer reaction studies with these alkyl-

polyatomic molecule$: benzenes in the HTFA The reaction of HO™ with toluene

Cp(T) =R+ C/T) 8) has been studied only up to 1200 K in the HTFA becaug@™H
cannot be generated above 1200 K without large amounts of
3R 3R -0,/T impurity ions present. Both the rate constants and branching
cCM=—+—+ Z(Q/T)z— 9) fractlon§ for the various systems are given |n.TabIe512
2 2 7 (e ©1T - 1)? The final HTFA branching fractions given in Tables-2
o o have been corrected as follows. TheQH(H-O) branching
where the vibrational temperatur®,, for vibrational mode fractions at temperatures800 K at which the ion signal is
with frequencyw in cm™ is >95% pure HO™(H,0) have been corrected for small amounts
4 L . X
®, = howlk, (10) of Oz and NO™ (<3% individually), of which the branching

fractions with the three alkylbenzenes at high temperatures are

16 + i i iai
The vibrational frequencies used have been taken from the!(nown. HsO (HZQ) is also present in nonnegligible amounts
n the HO" studies because water cannot be completely

literature16:34.35.388oth the JANNAF polynomial and partition o !
function-derived values d2y(T) have been calculated for,8* eliminated from the flow tube. Therefore, the®i branching
| fractions at 800 K and below have been corrected using the

reactions to compare the two methods, while only statistical } ) !
p y H30™"(H,0) branching fractions measured here. As discussed

mechanics has been used forQH(H,0). The corrected . . . " .
enthalpy of reaction has been calculated for dissociative proton!" the Experimental Section, additional small corrections have

transfer with GH1o to give GH7™ at 1000 K and with GH;, to besn made+to_ the @+ branch@ng fractions for BH™, ArH+_,

give either GH,+ or CsH-* at 900 K, which are the maximum O,", and H* impurities resulting from the source chemistry

temperatures studied for each alkylbenzene. described. For BH* and K™, the SIFT branching fractions of
The enthalpy corrections for temperature will be most MCEWan etal. at 298 K have been usédhe kinetics of Art

accurate using the JANNAF polynomials to calcul@igT). reacting with alkylbenzenes have not been studied previously.

Including the corrections determined using eq 7 shows that the fowever, the proton affinity of Ar is close to that foro K
reaction enthalpy at the highest temperatures increases for allf herefore, it is assumed that Afthas an identical branching
three HO* reactions by=3 kJ mot, well within the error of fracno_n as NH* to corrgct t_he data. While it is pr_eferable to
the standard reaction enthalpies. The partition function approachtS€ high-temperature kinetic data for the corrections, each of
indicates that the corrected reaction enthalpy also increases (i.e.tN€Se impurity ions individually contributes a small percentage
more endothermic) by 1820 kJ mot™ for the HO* reactions. of the _total ions in the flow _tube. Consgquently_, the _total
The more approximate partition function approach gives a much correction to a smgle_ produqt ion’s branching fraction will be
larger correction and can be used as an upper limit to the & relatively small fraction, typically around 0.68.06. The Q"
correction term. A similar increase of 420 kJ mot? is chemistry is easily corrected for using the aforementioned HTFA
calculated using the partition function approach for the data athigh temperaturés.
HsO0"(H,0) reactions. This calculated increase is close to the Differences between the branching fractions for the two
maximum errors of:15 kJ mot? estimated for the enthalpies reactant ions at the highest temperatures can provide information
of these reactions. Therefore, the reaction enthalpies at 298 Kon the dissociation mechanism. To eliminate any complications
are a fair estimate of the reaction energetics at the temperaturegrom a lack of ion selection upstream in the HTFA, the source
studied and are used in the discussions of the dissociationconditions are varied so that predominantly th@©HH20)n—0,1
product distributions at high temperatures. ions are generated in the flow tube at a given temperature. The
The rate constants in Table 1 measured fgOH with the two ions can be made in differing amounts depending on
three alkylbenzenes agree well with the SIFT measurements ofwhether water vapor is added at the inlet downstream from the
Spanel and Smith at 298 Kin all cases, the reactions proceed filaments in the source region or at the inlet 10 cm inside the
via proton transfer at the StChesnavich collision rate within ~ heated flow tube. For this experimeatl in. diameter aperture
experimental errot3-4>H;O" undergoes nondissociative proton has been used in the source and no other gases besides He and
transfer exclusively with toluene up to 500 K, in contrast to H»O have been added to the flow tube. Product branching
ethylbenzene, which shows small amounts of dissociative protonfractions at low mass resolution are subsequently measured with
transfer at 400 and 500 K. Increasing amounts of dissociation two different ratios of HO' to HzO*(H,O). This method results
products are also observed withpropylbenzene as the tem-  in a set of two equations with two unknowns that can be solved
perature increases from 298 to 500 Ks@1(H,0) undergoes  for each product ion’s low-resolution branching fraction. For
mainly nondissociative proton transfer from 298 to 500 K. In this experiment and all of the flow tube measurements, the
addition, association (1418%) is also observed at 298 K with  sampling voltage on the nose cone has been minimized to
all three alkylbenzenes. The reaction of04(H20) at 400 K prevent break up of any association products and cluster ions.
has not been studied because the rate constant is equal to th8canning the mass spectrometer at high resolution verifies that
collision rate constant at 298 and 500 K, and the product OH*, H,O", and other impurity ions totak1%. In addition,
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Figure 3. Branching fractions for the reaction ok&"(H,O),, n=0
and 1, with toluene (@s) as a function of temperature as measured

400 500 600 700 800 900 1000

in the high-temperature flowing afterglow (HTFA). The solid symbols Temperature (K)
are the results for ¥D*, and the open symbols are the results for Figure 4. Branching fractions for the reaction ok&*(H,0),, N =0
H3O*(H20). Lines are added to guide the eye. and 1, with ethylbenzene {80 as a function of temperature as

measured in the high-temperature flowing afterglow (HTFA). The solid
scanning the mass analyzer at high mass resolution under thesgymbols are the results fors8", and the open symbols are the results
experimental conditions shows that only one product ion arises " H:O"(Hz0). Lines are added to guide the eye.

for each G peak at high mass resolution for this experiment, HO'(H.O) +CH
simplifying the measurements. This procedure has been used e
to measure the branching fractions at 1000 K with toluene;-900 17 o ®CH'® CH'© cH'® cH'71
1000 K with ethylbenzene, and 75000 K with n-propylben- B cH* 4 cH*0 cH' 2 cH' ]
zene. This method leads to smaller relative errors in the ~— _ 08T e e
branching fractions than the normal method for measuring the 2 306
separate branching fractions for each reactant ion. L 08 f T -— - '
Comparing the data from the VT-SIFT and HTFA reveals g 04 F & L — - Jo4
generally good agreement between the two methods, consistent & 4
with previous studies with a few exceptiot?st>16Above 500 ® o2 f {02
K, all of the reactions proceed at the-S@hesnavich collision o Eee ]
rate*®-45 within the error of the experiments. The scatter in the or Q.o 57 HA—8 1°
rate constants is larger for ethylbenzene argtopylbenzene 5;0 '6'00' ' 7;0 8;0 9;0 R
because of their low vapor pressures, making these reagents Temperature (K)

harder to deliver with our current flow meter arrangement. The gjgyre 5. Branching fractions for the reaction ob&*(H,0)n, n = 0
biggest discrepancy is found in thes®" reaction with and 1, withn-propylbenzene (§H:2) as a function of temperature as
n-propylbenzene. Approximately 25% dissociation products measured in the high-temperature flowing afterglow (HTFA). The solid
occur in the VT-SIFT at 500 K, while only 10% is found in the ~Symbols are the results forsB*, and the open symbols are the results
HTFA. We have investigated the possible dependence of variousfor H:0"(Hz0). Lines are added to guide the eye.

experimental conditions that may differ between the two N N .
instruments such as nose cone sampling voltage, pressure®Pserved are &7 and GH;™, the latter only observed with
reaction time, buffer concentration, and mass discrimination and n-propylbenzene.

have not found an instrumental source of the discrepancy. .

Consequently, this difference remains unresolved, and an Discussion

explanation fqr the dn‘_ference Is not opwous. Nondissociative Proton Transfer.The main product chan-
The branching fractions measured in the HTFA are plotted nejs for all of the reactions can be described as either

versus temperature forgd* and HO"(Hz0) in Figures 3-5 nondissociative or dissociative proton transfer. At 298 K, the
for toluene, ethylbenzene anepropylbenzene, respectively. As .o+ reactions proceed at the SGhesnavich collision raté; 45

the temperature increases, the fraction of dissociation productsang nondissociative proton transfer is the major product channel.
increases with both reactant ions. The main dissociative productAdding a HO molecule to HO* causes the proton-transfer
ions with toluene are £17" and GHs", while GeH* is the reactions to become endothermic because the ionic dimer bond
major dissociation product with both ethyl- anepropylben- (HsO0t—H,0) is much stronger than the neutral bond
zene. A substantial 4EI;7 fragment is also observed with (H,0—H,0)5 Despite this endothermicity, the 38" (H20)
n-propylbenzene. With toluene, nondissociative proton-transfer reactions are quite efficient at 298 K. Note that the calculated
products are observed almost exclusively up to 1000 K with reaction endothermicities for thes8*(H,0) nondissociative
HsO"(H20). This observation contrasts with the increasing proton-transfer products are greater than the maximum estimated
amounts of dissociation products observed at 1000 K and highererror in these values, suggesting that that these reactions are by
with HsO*. Figures 4 and 5 show that the branching fractions no means exothermic. However, the average total energy
for H;O* and HO™(H20) display similar trends with increasing  available at 298 K (calculated from eq 4) is approximately equal
temperature for both ethylbenzene amgbropylbenzene, al-  to or greater than the endothermicity. Therefore, enough energy
though the HO*(HO) curves are slightly shifted to higher is available to drive the reactions if all forms of energy affect
temperatures. The nondissociative proton-transfer product is onlythe reactivity equally. For instance, 25 kJ mbhverage energy

a minor channel at 900 and 1000 K with ethyl ame is available in the toluene reaction, compared to an endother-
propylbenzene, respectively. Instead, the dominant product ionsmicity of 25 £ 12 kJ mof. For this case, a rate constant



Reactions of HO"(H20)o,1 with Alkylbenzenes J. Phys. Chem. A, Vol. 106, No. 48, 200R1733
approximatelyt/, the Su-Chesnavich collision rate constant is NO', HO'(H.0) + Alkylbenzene
observed?45> The total average energies in the ethyl and e
n-propylbenzene reactions exceed the reaction endothermicities ‘re © Wol @y ]
by considerable margins, and the measured rate constants are . 08[ a)CHs - ]
close to collisional. If the energy required to overcome the § 06 ]
endothermicity is provided by the internal and translational s E W oCcH’ ]
energy of the reactants, the products of these reactions would 2 ™F o cH' neo n ]
be internally cold. £ o2f 1
It is possible that the protonated alkylbenzene species in the o b CHy =t ]
HsO™(H.0) reactions may be formed by an indirect mechanism. T T
Ligand switching is exothermic for all of the reactions but is 400 600 800 (K)1000 1200 1400
not observed, even though such reactions can often be facile. P AR AR
The nonobservation of a ligand-switching product may be a : Cabp . b) CsHio
result of thermal dissociation of the,@ ligand following the 5 08 r 0° m E
ligand switching as shown below. S osf o ]
+ n % 04 F . CBH10* ¢ L] _:
H,0"(H,0)+ AB —H"(AB)H,0+ H,0O (l1a) § o CH, " neo om ]
n i © CH *n=1 o a
H'(AB)H,O0 + He—H"AB + H,0+ He (11b) of W™ 0@
400 500 600 700 800 900 1000 1100
Thermal dissociation reactions involving® ligands have been T (K)
observed relatively frequently in our laboratory if the ligand £ e o ]
bond is weak. Unfortunately, the bond strength eOHbound c oaf ° a ©) Gz 4
to the protonated alkylbenzenes is unknown. The most similar £ . ]
species listed in the NIST Webbook is protonated benzene, £ O06F °© ]
CeH7*, for which the HO cluster bond strength is71 kJ g 04 _‘ cH, © . ]
mol~1. Typically, thermal dissociation for species with bond 2 02 B CHi=o © ™ ]
strengths on the order of 65 kJ mblor less at 298 K has been ' go - o
observed’® 50 Therefore, thermal dissociation is possible and or Cﬂ“ﬂ":’l o@t8 &
potentially likely at higher temperatures. 400 500 600 700 800 900 1000
A similar process involves one-step dissociation of the TK)

association complex, that is, Figure 6. Branching fraction for the parent product ion of the reaction

of NO* and HO*(H,0), for n = 0 and 1 vs temperature for (a)ids,

H3O+(HZO) +AB - [H+(HZO)2AB]* He H+AB + 2H20 (b) CsH10, and (c) GH12. Lines are added to guide the eye.

(12) The temperature dependence of the nondissociative proton-

The overall process is endothermic, but it is exergonic at room transfer product for the reactions of toluene, ethylbenzene, and
, . n n . T
temperature (i.e AG® = AH° — TAS® < 0). These reactions propylbenzene with kO™ and HO" (H;0) is shown in Figure

mav be an example of what has been referred to as entro 6. For comparison, the fraction of the nondissociative charge
ay examp . 2729 : PY transfer product found previously in reactions of N® with
driven reactions in the literatuf®: However, this process

may be better described as free-energy-driven reactions wherethese alkylbenzenes is also shown in Figure 6. In the previous

i 0 X
the energy required for overcoming the endothermicity is ;:r:argne tratr;]sfletr)r \:lvzorlf Ies;i;hran ZI;O 22 t:e txtal r?f;i(g'vt't)é ?f
supplied from the internal energy content of the complex, oluene, ethylbenzene, amepropylbenzene was atributed 1o

collisions with the surrounding He buffer gas, or both. Because thermal degradation of the neutral aromatic reactant prior to

an association complex is observed at 298 K, the lifetime of reaC“O'? at temperatures up to 1300’. 1000, and 900 .K’
such a complex should be quite lorgi07 s), thus facilitating respectively. Hydrogen-depleted product ions appeared at high

many collisions with the He buffer. Also, sufficient time should (€Mperatures that were not observed in dissociative charge-
be available so that energy randomization will occur in the transfer reactions at 298 K even with ions such asahd Ne
complex, indicating that the internal energy of the reactants that have large recombination energies that produce many
should be very effective in promoting reaction. fragments. These different products most likely result from
Dissociative Proton Transfer.For all of the HO* reactions, reactions with the hydrogen-depleted decomposition products
at least one dissociative proton-transfer channel is exothermic,f the alkylbenzene reactatPyrolysis data for these alkyl-
namely, the formation of the /&l;" ion. However, all of the benzenes under our experimental conditions of ca. 1 Torr
dissociative channels require rearrangement and occur only afPressure of He and 1 ms residence time are limited, but the
higher temperatures, indicating that barriers to the dissociation Present results and the relative stability of these aromatic neutral
processes exist. In fact, large amounts @fig are found only species are consistent with the available data.Figure 6, the
in the toluene reaction. For the;&(H,0) reactions, dissocia- onset temperatures for dissociation of the charge-transfer
tive proton transfer is quite efficient, considering that the products are higher than the onsets for the proton-transfer
reactions are very endothermic even if the two water molecules products, all of which are much lower than the pyrolysis
are assumed to remain attached to formd@)d. Although, it is temperatures for the neutrals reported previodsijherefore,
probable that interactions of (@), with the helium will the decrease of the parent proton-transfer ion fraction, as well
dissociate it into two KO monomers in the flow tube. The as the parent charge-transfer ion fraction, with temperature
possibility of the production of neutral dimers in similar cannot be attributed to thermal degradation of the neutral
reactions has been discussed previodfy:5! alkylbenzene reactants.
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Three mechanisms for the observed dissociative proton HO +CH, —> CH’+H,+HO
transfer can be envisioned, that is, direct dissociation in a 0 ey
bimolecular collision, nondissociative proton transfer followed o5F @ In(kk ) = -E /RIMT 1
by thermally activated unimolecular dissociation of the product o ¢ : ]

ion involving the helium bath gas (hereafter referred to as
thermal dissociation), and collisional activation of an association
complex involving the reactants by collisions with the bath gas
followed by dissociation (hereafter referred to as free-energy- :
driven dissociation). The three mechanisms are illustrated 25
schematically in eqs 13ec. .

E, =83+32kJ mol”

In(Kczh74/Ke)
o
T

.3"AAIIIIllllllllllllllllA:
0.0008 0.00085 0.0009 0.00095 0.001 0.00105

direct dissociation 1T (K™
H3O+(H20)n +AB—HA"+ B+ (H,0), (13a) HO'(H0) +CH, —> CH’+CH +(HO)
thermal dissociation °F ©8.8 o =0 ]
H,0"(H,0), + AB — HAB™** + (H,0), (13b) 4F B q o

. . . In(k/k ) =-(E_/Ry*1/T
free-energy-driven dissociation 2f n(ikk,) =~(E R) .

HAB" + He— HAB™* + He

\

In(Kcem7+/Ke)

S E, (n=0)=513kJmor’ &,

HAB™ — HAT +B 4 [ E, (n=1)=82+9 kJ mol’ _
+ + b 1 Il Il 1 1 1 1 1 ]
H,0"(H,0), + AB — [H,0 "(H,0),ABJ* 00006 0001 00014 00016 0.0022
T (K™)
+ . +
[H30" (H,0)AB]* + He—HA" + B + nH,0 + He (13c) Figure 7. Arrehenius-type plot for (a) the reaction ofs®f with

toluene to produce €i;* and (b) the reactions of " and

Comparing the data for 40 and HO™(H,0) for the same H307(H-0) with ethylbenzene to producekd;".
neutral reactant as a function of temperature can help distinguish
among these mechanisms. The energy difference for proton . h
transfer for the two ions is 140 kJ md| with HsO" being kJ mol’_l for the reactions of NO and HO™ with toluene,
energetically favored. If dissociative proton transfer occurs in "€SPectively. Note that the rate constant for generating a
a single collision, that is, via a direct mechanism, the threshold Particular fragment channel is simply the product of the
for observing fragment ions should shift to higher temperature branching fraction for that channel with the experimental rate
as the ion changes fromsB* to HsO*(H,O) because less ~constant. The rate constants measured here are equal to the

energy is available, assuming that all other aspects of the collision rate constant and are, thus, independent of temperature.
experiment are the same. Consequently, the temperature dependence of the rate constants
a. TolueneFigures 3 and 6 show that no dissociation products for the GH7" ion can be represented by just the branching
are observed for the reaction of®(H,0) with toluene up to fractions, because they will be multiplied by a constant factor
1000 K, while the HO* reaction with toluene shows an onset in this case. Note that only the threshold region of the branching
of dissociation around 900 K. Unfortunately, a comparison fraction plots is used to obtain the Arrhenius activation energies.
cannot be made at higher temperatures because of the instability The formation of GH;" in the NO' reaction with toluene
of H30*(H0) above 1000 K in the HTFA. Subsequently, no has been attributed to thermal dissociation in our previous paper
information can be derived from this analysis on the nature of comparing flow tube results to ion beam rest#$he ion beam
the dissociation in the D" (H20) +- C;Hg reaction. The major  work, performed under single-collision conditions, shows no
fragment ion in the reactions of both NCand HO* with fragmentation of the @g* charge-transfer product. In that
toluene is GH7". The GH;" ion has two stable forms, the  \ork, the measured activation energy of 105 kJ This lower
seven-membered ring tropylium ion (Jrand the six-membered  than the endothermicity of reaction 14. However, the activation
ring benzylium ion (BZ). The Tr" isomer is 46 kJ mof* more energy at low pressures, to which our experiments are limited,
stable than the Bz |sor'ner?3:34.Th¢ formation of the L is smaller than the energy barrier because of the role of
fragment ion via direct dissociation is exothermic for bothNO  ivation from internal degrees of freed6#%6 The measured
and HO™ at 298 K. However, the 1" ion is not observed 5 iyation energy for the formation of;8;* from the reaction
until much higher temperatures. The energetics for production ¢ 1y 4+ ith toluene is larger than the endothermicity for the
of C7H7" via thermal dissociation are shown below where the ¢, ati0n of the more stable Trisomer. This result suggests
He is shown above the arrow to illustrate the role of the bath that either additional barriers exist in the unimolecular dissocia-

gas: tion of C;Hg" compared to @Hg' or that the activation energy
+ He i _ 1t corresponds to a barrier for the formation oHz" via a direct
CiHg CH;+H  AH =166+ 8 kJmol *(Tr") dissociation mechanism. The latter conclusion is consistent with
AH =212+ 8 kI mol* (Bz") (14) the difference in the temperature dependence for the dissociation
of C7Hg™ for the reactions of kD' and HO*(H,0), which
CHy" He, CH,"+H, AH=63+8kJmol'(Tr") suggests that the #@* reaction proceeds via a direct mecha-
AH =109+ 8kImol* (Bz") (15) "o
(Bz) (15) b. Ethylbenzene and n-Propylbenzehke ethylbenzene and
Activation energies can be determined from Arrhenius-type plots n-propylbenzene reactions show similar behavior, with the
such as that shown in Figure 7a for toluene reacting wid n-propylbenzene dissociation shifted to lower temperatures. The

yielding activation energies of 105 10 kJ mol ! and 83+ 32
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falloff in the protonated neutral species, that igHg' and

CoH13*, occurs at temperatures of 480 K lower for HO* at 298 K@

J. Phys. Chem. A, Vol. 106, No. 48, 200R1735

TABLE 5: Standard Enthalpies and Entropies of Reaction

than for O™ (H,0). The major dissociation product 98%) reactants products AHS P ASC Tspont(K)
in the ethylbenzene reaction is theHGt ion. Arrhenius-type Toluene (GHg)
plots up to temperatures of 750 K as shown in Figure 7b for Hz0*(H,0)— CiHg" + (H.0), 25 76 329+ 167
the production of @H;" from the reactions of kD" and CrHo™ + 2H,0 40 154 26081
H3O™(H,0) with ethylbenzene yield activation energies of 51 ) . Ethylbenzene (gH10)
1 i i H3O™(H;0) —  CgHii™ + (H20) 21 45 467+ 287
+ 3 and 81+ 9 kJ mol, respe_ctlvely. At higher temperatures, CHF + 2H0 %6 123 293 102
the plots curve as the reaction rate constants approach the CeHr* + CoHa + (H0) 169 211 80 69
collision rate constant. CeH7* + CoHg + 2H,0 184 288 63950
The activation energy of 5% 3 kJ mol! for H3O" is equal n-Propylbenzene (&i1,)
to the endothermicity of 51+ 10 kJ mof?! within the H3O*(H20)—  CoHist + (H:0) 19 53 386+ 240
uncertainties for the direct dissociative proton-transfer reaction CoHus"™ + 2H,0 34 131 260k 96
: b CeH7+ + CaHg + (H20) 159 220 723t 66
given by CeHy* + CaHe + 2H,0 174 298 58448
sCiHs" + CeHg + (H20), 160 207 773t 61
H,O" + C4HsC,Hs — C,H," + C,H, + H,0, sCiHs* + CeHo +2H,0 175 284 616+ 43

aThe maximum errors in reaction enthalpies ar&2 kJ mof? for
the nondissociative channels agd5 kJ mof? for the dissociation
channels. The errors in the reaction entropiesiz2ze) mol K1, (See
text for details)” kJ mol™. ¢J mol* K1,

AH =51+ 3kJmol* (16)

suggesting that direct dissociation is the dominant mechanism
for this reaction channel. This equivalence of the activation
energy and the reaction endothermicity has been seen previously
for ion—molecule reaction¥’ On the other hand, the value of
81 £+ 9 kJ mol? for the HOT(H,O) activation energy is
significantly lower than the endothermicity of 160 13 kJ
mol~? for the direct dissociative proton-transfer reaction involv-

TABLE 6: Standard Heats of Formation2 and Entropies® at
298 K Used to Calculate the Spontaneous Temperature for
Reaction Onset Shown in Table 5

. . species AH° (kJ mol?t S (I moftK-?t
ing the O™ (H-0) ion, peci H® ( ) ( )
H3O*"(H.0) 218+ 9 253+ 1
+ + (H20). —49F + 2 300+ 1
H3O0 " (H,0) + CeHsC,Hs — CgH, ™ + C,H, + (H,0), H,0O —242+1 189+ 1
= 1 Ci/Hs 5041 320+ 1
AH =169+ 13 kI mol = (17) tht 7964 8 seg 11
as well as the value of 158 8 kJ moi? for the thermal 83:“1 7§$ié 3%6(;111
. .. . . 811
dissociation of the proton-transfer intermediate, CeHo 863+ 8 306 + 1
" CoHq4 52+1 219+1
4 He + CoH1z 8+1 398+ 1
HCHCHs = ety + G, Coths™ 733+ 8 408 £ 1
AH =150+ 8 kJ mol'* (18) CsHs 20+ 1 267+ 1
CaH7t 801+ 4 289 +1
Because the measured activation energy feOHH,0) is CeHe 83+1 269+1

significantly lower than the endothermicity of the direct process  aReferences 33 and 3#Reference 58 and references therein.

in reaction 17, it seems unlikely that the direct mechanism is ¢ Reference 37¢ Estimated. See text for details.

contributing to a significant extent. Furthermore, a large amount ) o o

of the GH-* is produced at temperatures where the average molecules. For the nondissociative proton-transfer ionic prod-

total energy available is less than the endothermicity of the UCtS. the entropies are estimated using similar neu_tral species.

reaction. These data suggest that thermal activation of eitherMost of the entropy values do not have errors given in the

the proton-transfer productgBi1™, or the association complex Ilteratulre. i%\ivever, for the few that are given, the erroris

of the reactants, $0*(H,0)CsH1o, is affecting the dissociation. J njor K~1.3% Considering that severgl of the entropies are
If thermal dissociation of the 88111 proton-transfer product estimated, we assume that the error in the standard entropies

is responsible, the low value of the measured activation energyS given in Table 6 arel:llJ mf)lrl K~*and the errors iAS,

could arise from activation of internal degrees of freedom as in Table 5 are+2 J mol* K™% Consequently, the errors in

discussed above for tolueR& resulting in products that are Tspont fOr the dissociative proton-transfer reactions in Table 6

internally cool. On the other hand, the reaction may proceed aré reported on the basis of the errors A7, discussed

via free-energy-driven dissociation involving the He buffer gas €arlier. . . o
as shown below. Most ion—molecule reactions are bimolecular, yielding two

or three products. Thus, the change in the number of molecules
involved in the reactionAn, is either O or 1. ForAn = 0
reactions, typical entropy changes a&20 J moi'! K—1, while

for An = 1 reactions, entropy increases are typicallg0 J
mol~1 K~1.29 Reaction 19 is a candidate for a free-energy-driven
To address this issue, the temperature at which a reactionreaction because it isan = 2 reaction and is associated with
becomes spontaneoU&,on; has been calculated for the major  a very large entropy increase of 288 J mioK 1, making the
dissociation products of the reaction of®t(H,0) with all three reaction exergonic at approximately 63950 K as shown in
alkylbenzenes as shown in Table 5. The heats of form&tiéA’ Table 5. For a free-energy-driven reaction, the energy to drive
and entropi€’$ used in the calculation are given in Table 6. It the reaction must come from the internal energy content of the
should be noted that th& values in Table 6 for ¢H;t and complex, collisions with the bath gas, or both. The large
CeH7 ' have been estimated using values for analogous neutralendothermicity coupled with the large reaction efficiency

H,0"(H,0) + CgHyo—
[H"(H,0),CgH, J* e C¢H," + C,H, + 2H,0 (19)
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suggests that a significant fraction of the complexes undergo enough energy to react via a direct mechanism. However, if
collisions with the bath gas. The observation of an association the differences in zero-point energy between the reactants and
channel at 300 K indicates that stabilizing collisions of the products are taken into account, ca. 60 kJ Thalf energy is
helium bath gas with the complex are occurring. Because heliumalso available for reaction.

is an inefficient third body and there is a competing exothermic A thermal dissociation mechanism forz®Gt(H,O) with
reaction, one may assume that many collisions are needed ton-propylbenzene is more energetically favorable than direct
observe a stabilized complex. Therefore, the complex lifetime dissociation for the sD*(H,0) reactions and is possible, again
at higher temperatures is expected to be long enoat0Q through activation of internal degrees of freedom. The activation
ns) to accommodate numerous collisions with the surrounding energies for the reaction ofs8*(H,0) with n-propylbenzene

He bath gas during the interaction. Indeed, the data in Table 3are so much lower than the endothermicities that free-energy-

show that the onset of this channel occurs in the-6880 K driven dissociation involving the He bath gas is also feasible.
temperature range, consistent with the temperature calculatedndeed, the reactions listed in Table 5 fompropylbenzene
for AG to be negative, that is, 639 K. shown in eqgs 23a and 23b

A similar analysis can be applied to the dissociation of the

n-propylbenzene proton-transfer intermediateHG*. In this + ot % _He +
reaction, a GH;* fragment channel is observed in addition to HIO (H0) + CoHa, — [H(H;0),CoHy) CeH” +

the GH-* fragment channel. The dissociation product channels CsHe + 2H,0 + He (233)
for H3O* reacting withn-propylbenzene are slightly endother- He
mic, H,O"(H,0) + CgH,, — [H"(H,0),CH,,J* — C,H," +

HO" + CHCHe CgHg + 2H,0 + He (23b)
— CGH;r + C;Hg + H,O0 AH=41+10kJ mol* (20a) are exergonic at temperatures of 58448 and 616+ 43 K,

N N respectively. The observed onset for the two reaction channels

—sCH,” + CiHs + H,O AH =42+ 7 kI mol~ (20b) as shown in Table 4 is between 500 and 600 K, in general

o agreement with these predictions. Again, the association com-

where the most stable secondary carbocation is created. Thesglex of the reactants is observed at room temperature, indicating

enthalpies are in reasonable agreement with the activationthat numerous collisions with the He buffer are expected to occur
energies obtained from Arrhenius-type plots using the data atfor the complex even at high temperatures.

temperatures up to 700 K (using three points), which yield
values of 45+ 8 kJ mol! for CgH- " and 37+ 7 kJ mol? for Conclusions
s-C3sH7". A similar analysis of the fragments produced from
the reaction of HO'(H,O) with n-propylbenzene results in
activation energies of 3% 10 kJ mof* for CsH7" and 33+

10 kJ mof? for s-C3H; ", the same within the error. The product
channels from RO*(H,O) reacting withn-propylbenzene via
direct dissociation of the proton-transfer complex are much more
endothermic,

Rate constants and branching fractions have been measured
for the reactions of D and HO*(H,O) with toluene (GHg),
ethylbenzene (gH10), andn-propylbenzene (641,) as a func-
tion of temperature up to 1200, 1000, and 900 K, respectively.
The measurements are the first for®t(H,O) with these
reactants. The ¥0* + alkylbenzene reaction rate constants are
equal to the collision rate constants given by the-Shesnavich

H.O"(H.0) + C.H.C.H equation at all temperatures. The ma?n product_ char_me_zls for all
O 2 )+ CeHCHy . of the reactions can be described as either nondissociative proton
— CgH;™ + CgHg + (H,0), AH = 1594+ 13 kJ mol transfer or dissociative proton transfes®4 reacts with toluene

(21a) to give only GHg™ at lower temperatures. Above 900 KzHG T,

N 1 C;H7", and GHs™ are seen predominately. Proton transfer from
—sC3H;" + CgHg + (H0), AH =160+ 11 kJ mol HsO" to ethylbenzene produces#i;* exclusively at 300 K,

(@ and by 800 K, GH;" is the major product with only minor
and they are even more endothermic than the thermal dissocia@Mounts of @™ and GH;™ being formed. Both nondisso-
tion channels shown below, ciative and dissociative proton-transfer products are also

observed at all temperatures fog® reacting with propyl-
HC5H503H7+ benzene producing 4813 as the major proo!uct at low
He . . temperatures and bothsi8;" and GH7" as the major products
— CH;  + C;Hg AH =140+ 13kImol~ (22a) at temperatures above 650 K, with minor amounts @fi<
He observed at all temperatures.
—sC,H," + CHy AH =150+ 12 kI mol* (22b) For all three alkylbenzenes reacting with®t(H,0), non-
dissociative proton transfer dominates at low temperature.
Thus, the measured activation energies for the formation of However, an association complex involving each alkylbenzene
CeH;t and GH;™ from the reaction of BO*(H,O) with with HzO"(H,O) has been observed at 298 K comprising ca.
n-propylbenzene are much lower than the endothermicities listed 15% of the products. At higher temperatures, dissociative proton
for reactions 21a and 21b. This large difference makes the transfer is observed for 40" (H,0O) reacting with ethyl- and
prospect of a direct process unlikely. Furthermore, the data in propylbenzene, in which the product yields are similar to those
Table 4 show that by 750 K thes87" and GH7" fragmentation observed in the kD" reactions but they are shifted50 K
channels combined are proceeding at 95% of the collision rate, higher. All of the BO™(H,0) + alkylbenzene proton-transfer
implying that 95% of the reaction complexes have enough reactions are fast even though the proton affinity eg®H(H,0)
energy to react. At this temperature, the average energy availablds 140 kJ mof! less than that of kD', such that the
for reaction is approximately equal to the endothermicity, HsO"™(H.O) reactions are endothermic. The existence of a stable
suggesting that actually less than 95% of the complexes haveassociation product with ¥+ (H,O) at 298 K for all three
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