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Termolecular proton transfer reactions assisted by ionic hydrogen bond
formation: Reactions of aromatic cations with polar molecules

G. M. Daly, M. Meot-Ner, Y. B. Pithawalla, and M. S. El-Shall®
Department of Chemistry, Virginia Commonwealth University, Richmond, Virginia 23284-2006

(Received 15 May 1995; accepted 9 February 1996

We present a new method that applies resonant-two-photon ionization to generate reactant ions
selectively in the source of a high-pressure mass spectroni@gl-HPMS for kinetic and
equilibrium studies. Applications to reactions that would be obscured otherwise in a complex
system are illustrated in mixtures of benzene with polar solvent mole¢Ble¥/e observe a novel

type of proton transfer reactions fromghfs ™" to two S molecules where=SCH,CN, CH;OH,
C,HsOH and CHCOOGHs, and from GHsCH;™" to two S molecules where -SCH;OH and
C,HsOH to form protonated solvent,B™ dimers. The reactions are driven by the strong hydrogen
bonds in the §4* dimers and therefore require the formation of the hydrogen bond concertedly
with proton transfer, to make the process energetically feasible. The ad@ydts *)S are observed

with blocked solvent molecules where the subsequent switching reaction to yi¢fdiSslow, but

not with alcohol reactants that can form hydrogen-bonded chains that facilitate fast subsequent
proton extraction. Correspondingly, kinetic simulations suggest that the mechanism proceeds
through(CgHg ™) S+S—S,H" +CgHs” and GHg""+2S—S,H" +C4Hs" reactions, respectively. The

rate coefficients of these reactions are in the rangé®010 12 cm®s™? for the reaction through a
bimolecular switching channel and in the range %6-10 28 cmP s™2 for reaction through a direct
termolecular proton extraction mechanism. The relation to energetics and reactant structure is
examined. ©1996 American Institute of Physids$S0021-96066)02918-§

I. INTRODUCTION method, by the coupling of resonant-two-photon-ionization

The interactions between aromatic cations and pola R2P) to an HPMS system in order to selectively generate

molecules are of fundamental interest in many areas o W energy aromatic ions within a gaseous mixture that also

chemistry and biology. A detailed understanding of theséontains an excess of a p_o_lar solvent. . S
R2PI is a highly sensitive spectroscopic and ionization

interactions is necessary for the development of proper theot— hni that the hotoab i ’ f
ries for many important phenomena such as ion solvation, echnique that measures the photoabsorption cross-section o

proton transfer in organic reactidr and in biological a specific chromophore using the strong enhancement of the

system&-¢ ion-induced nucleatiofi;** cationic polymeriza- two photon ionization probability produced by tuning into

tion and other condensed phase processes that involve al{ﬁ_sonance at the one photon enefs. This is also one of

matic cations2'2 For example, extraction of protons from ¢ most rigorously fragmentation-free methods of preparing

radical cations by solvent molecules may have important im_molec_ular ions? This is par_ticula_lrly importgnt for thermo-
plications in radiation and polymerization processes sinc he_mlstry measurement_s since Isomerization of th? mqlecu-
such reactions may terminate polymerization chains and ma rions may take place if the ions are generated with higher
explain the detrimental effects observed for water in cationic nergy content. . .
polymerization'3 The systemg of mtgrest for the present study conS|st of
Although the thermochemistry and kinetics of many ion-2" aromatic radical cation, "X (X=benzene or toluenen-

; - ; ting with protic or aprotic solvent molecules, S
molecule reactions have been determined by pulsed hlgwrfIC
pressure mass spectrometBHPMS,'*-*®measurements of (S=H;0, CH;OH, GH5OH, CH,CN, CH,COOGHs) under

the reactions of aromatic cations with polar molecules re-hlgh Iprgss'l:rrleHclgl\r}lcgt:cor(?h—S -':_Oc?). 'I;he arpl)pllcetltmn Of”RZPIth
main elusive due to unfavorable kinetics and ion stability.COUpe wi or the study of such systems allows the

lonization by electron impact or chemical ionization tends toexamlnatlon of proton transfer reactions of the type:
be nonselective, and also deposits large amounts of excess X +nS—X"'S,—SH"+(X—H)". 1)

energy in the ion. In binary or ternary mixtures, direct ion- In reaction(1) the proton affinity of each of the chosen

ization of a single component can lead to exothermic protony,|yent molecules, S, is insufficient to facilitate proton trans-
transfer reactions followed by fast stepwise ion solvation that,, bt the presence of two or more solvent molecules can

dominates the observed chemistry and obscures the reactiong it in proton transfer concerted with the formation of a
of minor constituents. lon injection methods largely OVer-proton bound dimer $1*, which makes the overall process
come this 7_I|2r(§1|tat|on and are employed in severalg, thermic. These reactions are similar to those observed by
laboratories.”*"Here we present an alternative and simplergjeci and Searles in a non-resonant continuous photoioniza-
tion HPMS?* They studied the reactions of alkane molecular
dAuthor to whom correspondence should be addressed. cations with water and found that the parent ions from cy-
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7966 Daly et al.: Proton transfer reactions
clohexane, cyclopentanei-butane, n-butane, i-pentane,
n-pentane and-hexane react exclusively via a termolecular
mechanism involving two water molecules to produce a pro-
tonated water dimer. Analogous reactions have also been ob-
served following the R2PI of binary neutral clusters such as
toluene. § where S=H,0, CH;OH, CH,OCH;, and NH;.%>%®
These intracluster proton transfer reactions show unique size

effects which arise from the relative proton affinities of the
benzyl radical and the solvent subclust8f). The compari-
son between the gas phase and cluster reactions should pro-

+
b)(CH)
6 62

n Intensity

+
¢)(C H) CH CN
66 3

vide valuable insights regarding the relative efficiencies of
collisional stabilization of intermediates via collisions in the
gas phase or evaporative cooling from the clusters.

Of particular interest in the present study is the effect of
the structure of the protonated dimer on the overall rate of
the reaction. The solvent molecules considered here repre-
sent two types of interaction. In the first gro(i,O, CH;OH
and GH;OH), extended H-bonded chains or networks can be
formed past the generation of theHS dimer while for
CH,CN and CHCOOGHs;, the protonated dimers are
blocked and the addition of the third molecule may not be
favorable. Also, the systems considered here cover a wide
range of exothermicity and allow one to investigate the effect
of increasing exothermicity on the overall rates of these re-

Relative Io

+
d)(CH CN) H
32

} ! i
A 1 t t

258.75  259.00  259.25  259.50  259.75

Wavelength (nm)

258.50 260.00

actions. FIG. 1. Wavelength dependence for ions in R2PI-HPMS with various mix-
ture compositions at 298 Ka) Benzene ion, gHg ", (b) benzene dimer ion,
(CeHg)3 ", (0) benzene/acetonitrile cluster iongllg ' CHLCN, and(d) proto-

Il. EXPERIMENT nated acetonitrile dimefCH;CN),H".

The HPMS source consists of ax4 cnf aluminum
block mounted on a copper base wrapped in coolant coils fogient ion curreniphoton power density=10° W/cn?).
temperature contrdi. The source is fitted with quartz win- The quadrupole mass filt€¢Extrel C-50, equipped with
dows through which the laser beam enters and exits. Tha/8 in. diameter rods and has a resolution better than 1 amu,
reactant and product ions escape through a precision pinhole@VHM, within the mass range 1-500 ajris mounted co-
(200 um, Melles Grioj and are analyzed with a quadrupole axially to the ion exit hole. The ion current from the electron
mass filter. Cell temperature is monitored through two type Tmultiplier is amplified and recorded with a 350 MHz digital
copper-constantan thermocoup({@mega. Gas mixtures are oscilloscope(LeCroy 9450.
prepared in a heatgd>100 °Q 2L flask and admitted to the Three types of basic measurements can be made with the
ion source at selected pressures via an adjustable needigrrent setupil) lon temporal profiles following the laser
valve. Cell pressure is monitored with a capacitance manomionization pulse may be averaged over several laser pulses
eter (MKS, 1301 coupled with the gas inlet tube. Measure- (500—-1000. This is used for the kinetic measurements and
ments are typically made over source pressures of 0.1-8®r obtaining the normalized ion intensity for the equilibrium
Torr. The concentration of analytes range from 0.005—10%hermochemistry measurement®) A mass scan can be per-
in a suitable bath gd#, or Ar, ultra pure(Airco)]. Mixtures  formed at a fixed wavelength which is typically used to iden-
are typically made byl injection of liquid samples into an tify all the ions generated following the laser pul$8) A
evacuated heated sample flask followed by the addition dfaser wavelength scan can be obtained by monitoring a spe-
the bath gas. cific ion (fixed m/z). This provides the electronic absorption

The laser beam is slightly focused within the center ofspectrum of the selected chromophore and establishes the
the cell with a quartz spherical lef6=60 cm,d=2.54 cn). identity of the primary ions generated by R2PI.
The laser output\~259 nm, 100-50Q.J, A7=10 nsec, 20
Hz repetition ratpis generated by a XeCl excimer pumped |||. RESULTS AND DISCUSSION
dye laser(Lambda Physik LPX 101 and FL-3002, respec-
tively). Coumarin 503(Exciton) dye laser output passes
through aB-BaB,0O, crystal (CSK) cut at 52° to generate a Figure 1 shows the dependence of the benzene ion signal
tunable frequency-doubled output of £0s pulses. The spa- on wavelength in the vicinity of the benzeng, &,—S, tran-
tially filtered (using a set of four quartz Pellin-Broca prisms sition (~259 nn). The data are recorded by scanning the
ultraviolet radiation passes through the high pressure cell anidser wavelength while monitoring the;ld; ™" ion signal in-
the focusing is adjusted to minimize three photon processe®nsity (m/z 78, Am<1 amy. Each wavelength-intensity
(i.e., unimolecular fragmentatipnvhile still providing suffi-  data point is obtained by averaging at least 50 laser pulses.

A. Photoabsorption spectrum of benzene in HPMS

J. Chem. Phys., Vol. 104, No. 20, 22 May 1996



Daly et al.: Proton transfer reactions 7967

TABLE I. Thermodynamic quantiti&$or the formation of cationic clusters. toluene*/(toluené{ equilibria. For these systems, we obtain
AG® (298 K) of —10.5+0.2 kcalmol* and —7.5+0.2

o 1 o 1

Cluster AG® 298(kealmol') AH" (keal mol™) kcal mol'! for the charge transfer and for tHeolueng,"
(CeHi)?' —9.6+0.2 -17.8 association, respectivelyAG® (298 K) values for the
(CeHg ) (CHCN) —7.1x0.2 —137 formation  of  GHg (CHiCN),  CgHg "(CH,CN),,
(CeHZ)(CHLCN), -4.8+0.2 -11.4 +e 4o
(C.HI")(CH.COOGHs) _60 _126 CeHg (CH3;COOCH;) and (CgHsCH5), ™" were also mea-
(CeH=CHZ")(CsHeCHs) —75+0.2 —161 sured and the results are given in Table I. For the first three
(CeHsCHZ*)(CH,CN) —6.3+0.2 -12.9 systems, we estimat&S°® as —22.0 cal molt K ! based on

A5 values b E—— P — the literature values of similar systeri{s=or example, for all

° values for(benzeng, and(toluen o are estimated asZ/.o cal mo . o .

K~ and—29.0 cal mol* K ! from similar literature reaction®.For other known cl:lus_tleg,&(‘)f this typeAS IS_ in the range 2044

clusters,AS® values of —22.0 cal mol! K~* are estimated from similar €&l mol'= K™ =.">*" The uncertainty introduced byAS°® to

reactions* AH° values are calculated frothG°+TAS®. calculateAH® from AG°=AH°—-TAS®, at 300 K is*+1.2
kcal mol', comparable with the uncertainty usually ob-
tained with directAH° measurements from Van't Hoff plots.

The spectral envelope for thg Band reflects the thermal The resulting estimates of theH® for the studied systems

population of the ground state/=0) rotational levels in are also given in Table I.

neutral benzene at 298 K. The estimated density of rotational

states is 600 Iir_les/cﬁ’f whicrl isé f;mposs!ble to resolve given g proton transfer reactions

a laser bandwidth of 0.4 cm.?® Vibrational “hot” bands ) )

are also observed and the overall spectrum is in excellent N this section we present the results of the proton trans-

spectrunm?®3° (X™*) with several polar molecules). In all cases, the ben-

Similar to the GHg"™", we also obtained the wavelength Zene cations are generated by resonance excitation with the

dependence of the dimer catidi€gHg),™ (Fig. 1b), the wavelength fi>_<ed at the benzené ﬁpsorption maximum
CeHe"*(CH,CN) adduct(Fig. 19, and a reaction product ion (258.85 nm, Fig. L Fo_r toluené® reactions, the toluene cat-
(CH,CN),H* (Fig. 1d resulting from a proton transfer reac- i0ns are generated via the exothermic charge transfer from
tion that will be discussed in Sec. Il B. The results clearlybenzene”. .
show that the three ions originate through the initial step of ~ The temporal profile for each of the reactant and the
resonance ionization of the benzene molecule. Laser photd¥oduct ions is obtained by averaging the ion signal over the
electron measurements of benzene in a supersonic jet ionizééne period(0-10 ms At=5 us) following the laser pulse.
by R2PI show that vibrational excitation may be present in! e kinetics for each XIS system were analyzed by simu-
the benzene ions following ionizatidh.Following R2PI of  lation of the ion temporal profile¥. The overall mechanism
benzene via the Jvibronic transition, the most populated Used is shown beloEg. 2. The simulation parameters are
vibrations arevg, v; andv,s. In HPMS, thermalization of the the pseudo first order rate constafits;). Association and
ions by the bath gas will reduce the vibrational excitation.ligand exchange reactions are reversi@le,;, v.,, andv. ;)
(At a source pressure of 1 Torr at 298 K the ions undergcﬁnd the proton transfer reactiofwg and v5 denote the rates
3x10* collisions with the carrier gas during 1 ms residence©f termolecular and switching reactions, respectivehe ir-
time) However, as the spectra in Fig. 1 indicate, there ise€versible. Thus, itis assumed that the proton exchange may
some population of these levels at 298 K in the neutral and ipccur from either the X' channel, the X'S channel, or
is likely that the vibrational excitation in the ion will be of a both.
similar nature. »
. . 4o +o . X+ . SHT

The time profiles of the gHg™" and (CgHg), " ion sig- . 2
nals following the Ilaser pulse show a constant //’; ‘Q
(CeHg), "ICsHg ™ ratio thus indicating the attainment of o, 2
equilibrium. From the equilibrium ratigCgHg), /CeHg ™,
we report aAG® (298 K) value of —9.6+0.2 kcal mol'!
(Table )). With respect to théCgHg), ™" binding energy we
note two literature values from PHPMS measurements, by It should be noted that in view of the small probability
Meot-Ner etal. (AH°=-17.6 kcalmol!, AS°’=-27 for simultaneous three-body collisions involving the""X
calmol*K ™13 and Hiraoka etal. (AH°=-20.6 radical cation and two S molecules, it appears that the overall
kcal mol'!, AS°=—28 cal mol't K1),%® with a difference mechanism must always involve the"¥ cluster followed
somewhat larger than the combined error limits. Using theby collision with a second S molecule. However, we distin-
averageAS° value of —27.5 cal molt K™, we obtain from  guish between two cases. First, if the produgi Sis formed
our measuredAG®, AH°=-17.8 kcal mol'?, in excellent via a slow switching reaction of the stabilized s cluster,
agreement with the earlier value obtained by Meot-Nerthen the XS cluster is actually observed and the rate is
et al3? controlled by the second bimolecular switching step. We re-

Using the R2PI of benzene, we also measureder to this process as bimolecular switchirig) Second, if
the benzendtoluene charge transfer and the the formation of XS is too slow and the switching reaction

X! 2e x5 DL SH %)
U,

J. Chem. Phys., Vol. 104, No. 20, 22 May 1996
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TABLE Il. Thermochemical properties of compounds investigatedH g ; is the association energy of the
proton bound solvent dimer, SH-S—S,H* where SSCH;CN, CH,OH, C,H;OH and CHCOOGH:;s.

Dipole moment lonization potential Proton affinity —AHg
Compound w (Debye? (kcal mol )P (kcal mol e (kcal mold

CH;CN 3.90 281.8 188.4 30.2
CHZOH 1.70 250.4 181.9 32.6
C,HsOH 1.69 242.3 188.3 32.1
CH;COOGH;5 1.78 2335 200.7 30.0
H,O 1.85 291.1 166.5 31.6
CeHs 0.00 213.7 181.0
CgHsCHs 0.36 203.3 189.8
CeHs 211
CgHsCH> 199.2

“Reference 38.
bReference 39.

of X™'S is too fast to observe the stabilized % cluster,
then the kinetics are equivalent to a termolecular reaction.

We refer to the generation of,l8" by this mechanism as a

termolecular processk¢) occurring directly from X*. The

order rate constants ] or [N]¢2, where[N]g is the num-

mechanism that applies.

Us . Ur

[N_]s: ks, [N_]é: kT-

©)

Furthermore, once the proton bound dimeHS$ is formed,
it may undergo further solvation according to:

SHY"+S—=SH"+S—=SH'+S—etc.

In the analysis, all of the observegs" ions (n=2) are

(4)

‘Reference 36.
dReference 16.

1. Benzene *-acetonitrile (B **/A)

The R2PI-HPMS mass spectrum obtained for a mixture
of benzene(B) and acetonitrile(A) in N, carrier gas
rate constants are obtained by dividing the observed firstP,,,=0.44 Torp at 298 K is shown in Fig. 2. Under these
conditions the species involved in the monomer/dimer ion
ber density of S in the ion source, corresponding to thequilibria(B**/B,"* and B""/B*"A) dominate the mass spec-
trum. Also observed in small intensities are the two mixed

trimer ions, B"A, (m/z 160 and B,"'A (m/z 197). The

peak that appears at m/z 83 has been assigned to the proton
bound acetonitrile dimefAH*A). As indicated from the

photoabsorption spectruriFig. 1d, the origin of AH" is

clearly through the Bresonance ionization of benzene. Iso-
topic experiments using GCN and GHg result in the for-
mation of (CD;CN),H " and not(CD;CN),D™" thus confirm-

summed together. The parameters are adjusted iteratively ulld that the origin of the proton must be the benzene radical

til a reasonable fit with the experimental data is obtained. In
each time profile show(Figs. 3—7, the smooth lines are the
results of the simulation and the rough ling®ints repre-
sent the experimental data. The thermochemical properties
and the rate constants determined for systems studied are
listed in Tables Il and Ill, respectively. In the following sec-

tions, we present both the measured and simulated data for

each individual system.

TABLE lll. Rate coefficients(298 K) for proton transfer reaction&g and

kr denote the rate coefficients for
X**'S+S—SHT +(X—H)’ and the

the bimolecular

direct

termolecular:

X**+2S—SH*+(X—H) reactions, respectivehAPA is the difference in

proton affinities where: APA=PAX—H)'-PA29; PA(29=AH°
(HY+2S—-S,H")=PA(S)+AH° (SH"—=SH"+9).
ks kg APA

X S cm® st cmP st kcal mol*
CeHs CH,CN 1.6+1.0x10° % 4.9+1.0x10 % -7.6
CeHs CH,0H — 3.0+1.0x10°% -35
CeHs C,HsOH — 2.5+0.5x10 ¢ -9.4
CeHs CH;COOGH;s 5.3+1.0x10°12 — —-19.7
CeHsCH; CH;OH — 8.2+0.5x10°%% -153
CgHsCH; C,HsOH — 3.7+0.5x10°%7  -21.2
CeHsCH; H,0 — — +1.6

switching:

1000
800
600 —

400 —

Normalized Ion Intensity

[

<

<
!

+

FIG. 2. R2PI-HPMS mass spectrum obtained for a mixture of 0.1% benzene
(CeHg) and 8.0% acetonitril€CH;CN) in N, carrier gag0.20 Torp at 298 K
and A=258.85 nm. The insert shows the reaction products fogtds@nd

CD3CN mixture.

J. Chem. Phys., Vol. 104, No. 20, 22 May 1996

k| +
] + CHY,
C6H6CH3CN
.
C3Hy . +
¥ C H_(CH_CN)
C,H, (7CN)ZH 66 3 2
Tl L o s o e e
25 50 75 100 125 150 175 200
Mass (m/z)



Daly et al.: Proton transfer reactions 7969

60 LI B L I LR I B | I LI 2 B | I L LR I L L 100 T ] ] I T T T ] I ) T T T l T 1 T T I T
[ 7 80 =
* 60 |- - =2 L ]
] »n 80 |- -
£ I ]
- 40 |- - 2 w0 |- ~
= i 8 T 1

= 80 |- -
d 30 |- - ] R ]
R ] S 60 |- i
o 40 L o [ i
9 20 - O 40
~ . = sol 1
i N gL ]
CRTYSENY (C"Hs) . + - E - ]
E | é—(CHa(:N)zH i E 20 - b
° - — et - o - -
= °r c.H "(CH.CN), | = 1°r B
- 66 sN), o ]
_10 | S -] I L L1 1 I 11 1 ) I Ll 1 i I Lol Ll 1 1 1 L l 1 L L L I 1 L L 1 l 1 1 L 1 I 1
0 1000 2000 3000 4000 5000 0 2000 4000 8000 8000
Time (us) Time (us)

FIG. 4. Temporal profiles for benzen€zHg)/ethanol (C,HsOH) system.
Source pressure is 0.77 Torr in Ar with 0.02% benzene and 0.40% ethanol at
298 K and\=258.85 nm. The smooth lines are the results of the simulation
and the rough lines (pointy represent the experimental data.
3(C,HsOH),H" represents the protonated ethanol series observed with
n=2-4.

FIG. 3. Temporal profiles obtained for benzen€gHg)/acetonitrile
(CH4CN) system. Source pressure is 0.76 Torr inWth 0.01% benzene
and 1.80% acetonitrile at 298 K and=258.85 nm. The smooth lines are the
results of the simulation and the rough lingmints represent the experi-
mental data.

cation, GHg" or one of its fr_agment$03H3*. or _C4H4*). 2. Benzene *-methanol (B *'/M)
However, the relative intensity of the ™ ion is much
greater than the total ion current for these fragments as In this system, the generation of M" from the direct
shown in Fig. 2. Furthermore, we have also carried out extermolecular procesé.e. B""M+M—M,H" +C¢Hs" where
periments under high laser fluences to enhance the fragmeM is methanol and B is benzenés slightly exothermic
tation of GH,** through the absorption of a third photon, but (—3.5 kcal mol'").* In the experiments, the stabilized ad-
the increased ion intensity of the fragments did not result irduct B”M is only observed with a very weak intensity with
a corresponding increase in the intensity of thgHA ion.  the predominant ions being the protonated methanol clusters
Additionally, the AH" ion has not been observed in any of MyH" (n=2-4). The direct termolecular rate is determined
these experiments. Therefore, the possibility of a direct proas kr=3.0x10"?" cm®s™, which indicates thatk; for
ton transfer from a fragment ion to GBN can be convinc-  (B™/M)>k; for (B*"/A) in spite of the latter system being
ingly eliminated. more exothermic. This suggests that the reaction efficiency
Figure 3 shows that the BB, /B™"A equilibrium is  may be influenced by structural factors in addition to ther-
established quickly and shifted toward B.. From the equi- mochemistry. This point will become more apparent by com-
librium ion intensity ratio, we obtaihG® for the association ~paring the alcohol systems with the acetonitrile and ethyl
of B"'A asAG® (298 =—7.1+0.2 kcal mol'* and hence we acetate systems.
estimateAH® as —13.7 kcal mot-1 (assumingAS°® as —22
cal mol't K™1).3* The B™A, cluster has also been observed
and givesAG® (298 of 4.8+0.2 kcal mol'* which results in
an estimate ofAH® (11.4 kcal mol?) for the dissociation to
B*"A+A. The formation of AH™ from B*A (i.e. This system(Fig. 4) is dominated by the presence of
BTA+A—A,H"+CgHs where A is acetonitrile and B is protonated ethanol clusters,HE" (where E is ethanol and
benzeng is endothermic by 6.1 kcal mot. Equating this n=2-4). In addition, no stable benzefiéethanol binary
with an activation energy, Arrhenius theory predicts a reaccluster(B™°E) is observed. The simulations show that all of
tion rate of 6.4 10 *cm®s ! as compared to the measured the E,H" intensity can be accounted for through the termo-
rate ofks=1.6x10"13 cm®s™%. The simulations of the tem- lecular pathway(v;). The measured ratay) increases lin-
poral profiles result in rate constants for the bimolecularearly with the square of the partial pressure of ethanol in the
switching (B™"A+A—A,H"+C4Hs) or the direct termo- ion source. The absence of a stabilizedBcluster indicates
lecular (B**+2A—A,H"+CgH:) as 1.6<10 B cm®s  or  that the B"E binary cluster reacts rapidly with a second
4.9x10 %8 cm® s, respectively. Clearly, in both cases the ethanol molecule, and hence the process is equivalent to a
reaction is quite inefficient. direct termolecular mechanism for this system.

3. Benzene *-ethanol (B **/E)
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FIG. 5. Temporal profiles for benzeii€Hg)/ethyl acetatd CH;COOGHs) FIG. 6. Temporal profiles for benzer€gHy), toluene (CgHsCHs) and

system. Source pressure is 0.66 Torr in Ar with O'O,l% benzene and 1'O%ﬁethanol(CH3OH) system. Source pressure is 0.50 Torr in Ar with 0.10%
ethyl acetate at 298 K and=258.85 nm. The smooth lines are the results of benzene, 0.20% toluene and 4.7% methanol at 298 K \ar@58.85 nm.

the simulation and the rough linésoints represent the experimental data. The smooth lines are the results of the simulation and the rough lines
(points represent the experimental data.

4. Benzene *-ethyl acetate (B **/EAc)

The temporal profiles for benzene/ethyl acetdfé\c)  tion, both the toluen&ethanol and the benzehethanol
are shown in Fig. 5. The system shows larg¢ 'B"* and  proton exchange channels were included. The rates obtained
weaker B'EAc/B*" adducts in equilibrium where B and for the benzen&ethanol channel were the same as those
EAc denote benzene and ethyl acetate, respectively. Thebtained from the benzefieethanol systentin the absence
simulations reveal that the ion intensity @Ac),H" is mod-  of toluend. Under the conditions used, no stablé'E or
eled primarily through the switching reaction of EAC(vs)
at a rate ofks=5.3x10 2 cm®s 1. The switching pathway
is characterized by a delay in the initial build @Ac),H"*

and a dependence of the overall build-up on thEER\c 100 T T T T T T T T T T T
adduct. From the simulation results, the exchange reactions [ + i
iati ions & 20 C H.CH ]
(vfvs) are generally faster than the association reactions + 5 6 s tg i
(n/v_q, vlv_,) and the build-up of the reaction precursor 2 80 |- +
B™EAc is limited by the exchange chann@ ™ EAc+B _§ 7o L Z(C,H 0H) H 7
=B, "+EAc). The decrease inB" in time is a result of the = 5 i
equilibrium shifting to accommodate the formation of the : 60 |- -
(EAc),H™ product which irreversibly depletes the precursor o 50 ]
ion, BTEAc. ; i .
o 40 [ .
5. Toluene *-methanol (T **/M) b s0 ]
The ion time profiles for the benzern®)-toluene(T)- g 20 [ ]
methanol(M) system are shown in Fig. 6. In contrast to the & i |
benzené/methanol(where the B** ion is significan}, the é 10 |- -
toluené /methanol system does not have significant contri- o[ iy
butions from the tolueng" ion. The dominant reaction is N R T
T"+2M—M,H"+C,H, followed by the formation of 0 2000 4000 6000

M,H" with n=3—-5. The M,H" equilibrium is shifted to- Time (us)
ward M;H™ and no stable T°"M cluster is observed.
FIG. 7. Temporal profiles for benzeit€sHy), toluene(C¢HsCHs) and eth-
6. Toluene *-ethanol (T **/E) anol (C,HsOH) system. Source pressure is 0.84 Torr in Ar with 0.08%
. . . . benzene, 0.16% toluene and 0.8% ethanol at 298 Kxan2b8.85 nm. The
This system(Fig. 7) is dOTmated by the presence Of smooth lines are the results of the simulation and the rough lipeists
protonated ethanol clustetE,H", n=2—4). In the simula-  represent the experimental data.
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FIG. 8. Energy ladder for the systems investiga{¥d=benzene or toluene,=Sacetonitrile, ethanol, methanol or ethyl acetatinding energies for
benzeng' ethanol, benzerie methanol, toluen& methanol and toluerfe ethanol cluster ions are estimated a2 kcal mol'™. AH°, , for the reaction
S,H"+S—SH™ are estimated as 21 kcal mol! for S=ethanol and-12 kcal mol'! for S=ethyl acetate. All other values from Tables I-Ill and Ref. 16.

B*'E clusters are observed. The measured termolecular raffipole forces. The T-shaped geometty represents a pos-
for the toluené/ethanol channel is 3:70.5x10 %" e s™ . gjpje structure where the lone electron pair of the nitrogen is
7. Benzene *-water (B **/W) and toluene *-water (T*"/W)  directed toward the center of the benzene cation. The addi-
In these systems the termolecular reactions generatin@lOn of the second acetonitrile molecule to form .th.é.B;
W,H™ (e, B"+2W —W,H"+CgH; or T*+2w  Cluster may follow the same principle of maximizing ion-
—W,H*+C,H, where W is water are endothermic by dipole interaction and structur@) seems appropriate since
+12.9 kcal mol'! and +1.6 kcal mol'l, respectively®® In the dipoles are still directed toward the cation center, above
both systems, no protonated water clustgvsH™ for anyn) ~ and below the plane of the benzene ring.
are observed. Also, no stable addu@®s ‘W) or (T*'W) are
detected within our sensitivity limits and under the condi- ¢H:
tions of the present experimen{3=298 K, Py,,=0.2—3 S
Torr and 0.1-5% H,O in N,). N

c
[
N
:
C. Discussion of reaction mechanisms
)

The relative energetics of the reactions investigated are Iﬁf
illustrated in Fig. 8. Based on the energetics of the I I ¢
benzené-S systems, acetonitrile and ethanol should have the CH;,

same reaction efficiencfAPA=—7.6 and—9.4 kcal mor %, . .
respectively, which is less than the efficiency of ethyl ac- ébstra'ctlon of a proton fr.om a benzene. cation 1o form
etate (APA=—19.7 kcal moTl)_ The results show that the A,H™ requires .that the transmon_ state contains stroag*A
ethanol system is by far the most reactive, followed by ethyharacter leading to the formation of the hydrogen bonded
acetate and then methanol and acetonitrile. Based on tHMer(A;H™) and structure il is consistent with such a tran-
structures of the solvent molecules, we can compare the rSition state. This means that the rearrangement of structure Il
actions invo|ving alcohols where extended H-bonded Chaingvould involve the two acetonitrile molecules Shlftlng toward
can be formed with the reactions involving acetonitrile andthe localized charge in such a way that AN begins to
ethyl acetate where blocked protonated dimers are formedform. Therefore, the small efficiency of the proton transfer
In view of the strong dipole moment of acetonitri®9  channel in the B/A system(10~* relative to the collision
D, Table I, it is reasonable to assume that the structure ofate can be rationalized in terms of an energy barrier for the
the B"A cluster must be the one which maximizes the ion-rearrangement of the stabilized "B\, adduct into the
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(AH™A) structure. This barrier may arise since the transitionpositions in order to extract a proton from the methyl group,
state requires a sterically hindered structure. A possiblavhich would be an inefficient process.

structure for the transition state is shown in Ill.

IV. CONCLUSIONS

-
¥
B o o
"\ /5+ _ + —_
______ H —»  CH,—C=N-H'-N=C—CH, (1)
N&
I C, v
CH,

(2
Turning to the ethanol system, the structure of theEB

adduct is expected to involve a hydrogen bond between the
oxygen atom and an aromatic hydrogé®tructure V. A
structure similar tdl) may not be very likely in view of the
smaller and less oriented dipole of ethanol as compared to
acetonitrile. Note that Structure V allows the addition of the
second ethanol molecule through H-bonding as shown in
Structure VI. With this intermediate, the two solvent mol-
ecules form a hydrogen-bonded complex that has a proton
affinity higher by 25 kcal/mol than a single ethanol mol-
ecule. The cooperative effect of the two solvent molecules
allows abstracting the proton from benzene requiring only
electron shifts, without the need for a higher energy interme-
diate.

H
C,H
H H / \/O/ 2t
H °
/ 6 & H
H H--0O AT H---0
C,H; \CZHS

)

The ethyl acetate system is consistent with the acetoni-
trile system where the reaction efficiency is decreased by
steric crowding at the proton abstraction site. The reaction is
however, more efficient than in the acetonitrile system and
this can be attributed to the proton exchange step being more
exothermic in the ethyl acetate system as shown in Fig. 8.

It is interesting to compare the reaction efficiencies of
benzené and toluené toward the alcohol reactants. From
the results in Table Ill, it is clear that the toluéneeactions
are less efficient. This may suggest that proton abstraction
from the CH, group of toluene is less favorable than from the (4)
benzené ring. This behavior is in contrast to the known gas
phase acidity of benzefend toluené.®’ The difference in
the acidities of benzene and toluene radical cations is gener-
ally attributed to the difference in the stability of the corre-
sponding phenyl radicalo-radica) and the benzyl radical
(resonance stabilizes-system. The fact that H abstraction
from toluené is not efficient may indicate that in the reac-
tion complexes the solvent molecules are attached to the aro-
matic, rather than to the methyl hydrogens. This would re-
quire a shift of two solvent molecules to less favorable

The main conclusions that can be drawn from this study

are as follows:

The combination of R2PI with HPMS has been demon-
strated for the selective generation of low energy ions
and for subsequent kinetic and thermochemical studies
with a variety of neutral molecules.

) Novel proton transfer reactions fromgd;® to two

CH,CN, CHOH, GHsOH and CHCOOGH; mol-
ecules, and from gH:CH; " to two CH,OH and GH;OH
molecules to form protonated solvent dimeiS,H™)
have been observed. The reactions are driven by the
strong hydrogen bonds in thets™ dimers and therefore
require the formation of the hydrogen bond concertedly
with proton transfer to make the process energetically
feasible. Kinetic simulations suggest that the mechanism
proceeds throughCgHg *)S+S—S,H™ +CgHz when this
reaction is slow, such as with the blocked reactants
CH,CN and CHCOOG-Hs. When this reaction is fast,
such as with the alcohol reactants, tfigHg )S complex

is not observed and direct termolecular kinetics apply
(CgHg"+2S—S,H"+CgH5, although still involving a
transient(CgHg *)S intermediate The rate coefficients of
these reactions are in the range ¥6-10"*2cm®s ! for

the reaction through a bimolecular switching channel
and in the range of 1G°~10 2 cmf s~ for the reaction
through a direct termolecular proton extraction mecha-
nism.

The present experiments reveal that no direct correlation
exists between the termolecular rate coefficients for the
aromatic /solvent systems and the energetics of the pro-
ton transfer reactions. The structure of the protonated
solvent dimer $H* appears to play a significant role in
determining the efficiency of the concerted proton trans-
fer process since it influences the involvement of the
third solvent molecule which would then make the over-
all process more energetically favorable. The proton
transfer reactions involving alcohols are generally faster
than those leading to the formation of blocked H-bonded
dimers such as HCH,;CN),. The assumption of a
hydrogen-bonded chain seems necessary to explain the
reactivity of the alcohol systems.

The free energy of association of the benzene dimer
cation. B, has been determined A$° (298K)=—9.6
+0.2 kcal mol! giving an estimate ofAH°=-17.8
kcal mol'l, in excellent agreement with a previous
literature value. The free energy of formation
at 298 K for GH{'(CHsCN), CgHg'(CHLCN),,
CeHg "(CH3;COOGH:) and (CgH:CH,);* has been mea-
sured asAG® (298 K)=—7.1+0.2 kcal mol?, —4.8
+0.2 kcal mol't, —6.0 kcal mol't and —7.5+0.2 kcal
mol™!, respectively. The relatively larg&AH° value
(—13.7 kcal morl) for the GHg*(CH,CN) cluster,
where AIP is very large(+68.1 kcal mol?, Table II)
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and no charge-transfer interaction is expected, may re“p. A. M. Van Koppen, P. R. Kemper, A. lllies, and M. T. Bowers, Int. J.

flect the strong ion-dipole interaction in this system.
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