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The binding energies of the first 5,8 molecules t@-C;Hs™ were determined by equilibrium measurements.

The measured binding energies of the hydrated clusters-@P%cal/mol are typical of carbon-based GH

--X hydrogen bonds. The ion solvation with the more polarsCN molecules results in stronger bonds
consistent with the increased iedipole interaction. Ab initio calculations show that the lowest energy isomer

of the c-C3H3z"(H20), cluster consists of a cyclic water tetramer interacting with ¢HesHz™ ion, which
suggests the presence of orientational restraint of the water molecules consistent with the observed large
entropy loss. Thes-CsHs™ ion is deprotonated by 3 or more,® molecules, driven energetically by the
association of the solvent molecules to form strongly hydrogen bondgd){H" clusters. The kinetics of

the associative proton transfer (APT) reactiosHg + nH,O — (H,O)H" + C3H* exhibits an unusually

steep negative temperature coefficientkof= cT-6%4 (or activation energy of-37 & 1 kcal moi?). The
behavior of the gHs™/water system is exactly analogous to the benz#water system, suggesting that the
mechanism, kinetics and large negative temperature coefficients may be general to multibody APT reactions.
These reactions can become fast at low temperatures, allowing ionized polycyclic aromatics to initiate ice
formation in cold astrochemical environments.

I. Introduction molecules, including a detailed study of the benZemeter
system, where we measured binding energies with up to eight
water molecules bound to the benzene radical catigig©).2021

In addition to building up clusters, the water molecules can also
react with the core ions by extracting a pro#8@l.23-26
Extraction of protons from ionized aromatics by solvent
molecules may have important implications to reaction mech-
anisms, inhibition and termination of polymerization and to
astrochemical process&s2° For example, we observed recently
the deprotonation of benzemdy several HO molecules, where
the rate coefficients of the deprotonation reaction displayed an
unprecedented large negative temperature coefficierit of

CT 674 (or an activation energy of34 =+ 1 kcal/mol)2°21 The

9 deprotonation reaction is driven energetically by the formation

kcal/mol* The cyclic isomeic-C3Hs ™ is, in fact, the smallest of protpnat_ed water clusters_, jfe)”HJr' Fha_t contain a core
cyclic aromatic species. CorrespondinglyCsHs" is stable and ~ hydroniumion (HO™) and exhibit strong ionic hydrogen bonds
unreactive. For example, it is well-known that the reactivities (IHBS)- Proton-transfer driven by the association of several

of the HLCCCH* ion with alkenes, alkynes, aromatic hydro- molecules through exothermic bond formation may be called
carbons, and alcohols are significantly higher than those of associative proton transfer (APT) reactions. These APT reactions

C-CaHgt 15.16 can become very efficient under low-temperature astrochemical
conditions where various polar molecules, which have proton

The interactions of aromatic cations suchcasHs* with — :
water and other polar solvent molecules are important in many affinities higher than 5D, can co-condense on the hydrocarbon

chemical, astrochemical, physical and biological processes©NS and further facilitate the deprotonation of the ions.
including, for example, solvation shells, hydrophobic hydration,  In this paper we shall study the solvation ®CsHs" ions
clathrate formation, and proteins conformatiéfs® Detailed and their deprotonation by water through APT reactions. In
information on these interactions can be provided by gas-phasecomparison with the benzene radical catigig™, thec-CaHs™
studies where, for example, the binding energies of the solventions present two interesting features. First, the size of the ion
molecules in the inner shell of the hydrocarbon ions can be is significantly smaller than that of El¢™ and, therefore, the
measured using gas-phase clustering equilf§rizZ Recently, charge density oo-C3H3™ is significantly higher than in gHg™.

we investigated the interactions of ionized aromatics with solvent Second, the proton affinity of thesH,* radical (227 kcal/mol)

is significantly higher than that of the phenyl radicaHg® (212

* Corresponding author. E-mail: selshall@hsc.vcu.edu. kcal/mol)3° These features could provide valuable insights on
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The chemistry of @Hs* has received considerable attention
and continues to be an active area of reseérefhis is due
to the important roles of the ion chemistry o in flames
and combustion processes particularly for the mechanisms of
soot formatiorf;,” and in interstellar clouds particularly for the
origin of larger hydrocarbon and other complicated molecular
species observed in interstellar mediérkt The GHs* ions
are also likely to be present in the hydrocarbon-containing
ionospheres of Jovian plané& Titan!® and in interstellar
clouds®11

There are two low energy isomers of thgHz" ion: the
acyclic propargyl ion, HICCCH", and the cyclopropenyl ion,
c-C3sHzt which is more stable than the acyclic isomer by 24.
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the important factors that control binding energies, structures temperature yieldH® andAS’ from the slopes and intercepts,
and the extent of the deprotonation reactions by comparing therespectively of the van’t Hoff plots. All of the results are
CeHe'*/water and thec-C3Hzt/water systems. replicated three or more times.

In the present study, we also provide a comparison of the  Tq further test the equilibrium, the residence times of the
solvation of QH6+' and thﬁ:—CgH3+ with acetonitrile molecules. ions are varied by app]ymg drift fields o4 V/cm inside the
Unlike water molecules where an extended hydrogen bonding drift cell at 302 K andP(H;0) = 0.3 Torr. Under these
network may facilitate the transfer of the proton from the conditions the ion residence times vary between 0.4 and 3.0
hydrocarbon ion, acetonitrile molecules cannot form hydrogen ms. The observed equilibrium constants are independent of

bonding networks because of the presence of the blocking CH reaction time, which further demonstrates that equilibrium is
terminal groups**2In this case, the comparison between water established during the observable reaction times.

and acetonitrile could shed more light on the structural factors The structures of the ions are optimized at the ROHF/6-
that influence the extent of deprotonation via APT reactions. 31+G(d,p), B3LYP/6-3%-G** and MP2/6-31-G** levels of

Ths am O:;.th's \;VO}rlk IS lto es;ar:)hdsh a unl|3f|eddmole0l:jlaar' Ie\llel theory using the Gaussian GO03 software packég&he

un ers}an Ing o t. € roles of nhydrogen bonding and dmpole optimization is verified by calculating the vibrational frequen-
dipole interactions in determining the structures of the solvated cies. The cluster binding energies are corrected for the zero-

hyo!rocarbon ions and the mechanism of the overall deproto- point energies and the basis-set superposition error (BSSE). The
nation reactions. BSSE is calculated using the Counterpoise method as imple-
mented in the GO3 software. The charge on each component
within each cluster is calculated by adding all atomic Mulliken
The experiments were performed using the VCU mass- charges.
selected ion mobility spectrometer. The details of the instrument
can be found in several publications and only a brief description || Results and Discussion
of the experimental procedure is given héte?®
Mass-selected 4B ions (z 39, generated by electron 1. Mobility and Structure of the C3Hz™ lon. The GH3z"
impact ionization of benzene vapor) are injected (inl5 us ions are generated in our experiments by EI fragmentation of
pulses) into the drift cell (the inner diameter and length of the benzene vapor. It is generally assumed that the fragmgig'C
total cell are 8.1 and 8.9 cm, respectively.) containing 2 Torr ion is the cyclopropenyl catiorc{CsHs™) and that the neutral
of He for the mobility measurements or 6:2.4 Torr of pure radical fragment has the linear GEICH structuré’’=3° How-
H-O or CHCN vapor (Aldrich, HPLC grade) for the equilibrium  ever, in our experiments mobility measurements are performed
measurements. Flow controllers (MKS # 1479A) are used to to confirm the structure of the injectedids™ ions. For these
maintain a constant pressure inside the drift cell. The temperatureexperiments, He (ultrahigh purity, Spectra Gases 99.999%) is
of the drift cell can be controlled to better tharl K using six used as the buffer gas. The mobilkyof an ion is defined &8
temperature controllers. Liquid nitrogen flowing through sole-
noid valves is used to cool the drift cell and cartridge heaters K= ;d/E )
are used to heat the cell. The reaction products are identified
by scanning a second quadrupole mass filter located coaxially
after the drift cell. The arrival time distributions (ATD) are
collected by monitoring the intensity of each ion as a function
of time. The reaction time can be varied by varying the drift
voltage. The injection energies used in the experiment2(6 27315
eV, laboratory frame) are slightly above the minimum energies Ky = ﬁ K €))
required to introduce the ions into the cell against th® How.
Most of the ion thermalization occurs outside the cell entrance
by collisions with the water vapor escaping from the cell
entrance orificé3-3% )
At a cell pressure of 0.2 Torr, the number of collisions that give
the GHs™ encounters from the water molecules within the 1.5
ms residence time inside the cell is about ¢6llisions, which t = 273.152i P 1t )
is sufficient to ensure efficient thermalization of thegHg" ions. d 760T K,V °
The ATDs of the injected &5+ and the GH3™(H,0), formed
inside the cell are measured as a function of the drift voltage \here] is the drift length{q is the measured mean arrival time
across the cell. The intensity ratio of ions in the association 4 the drifting ion packet taken from the center of the ATD
equilibrium, 1[(CsHs ") (HO)J/I[(CsH3")(H20)n-1] is measured  heqy 11 is the time the ion spends outside the drift cell before
from the integrated peak areas of the ATDs at the known reaching the detector, aiwis the voltage across the drift cell.
temperatures and pressures. The equilibrium constants are the'ﬂ/lobility is determined according to eq 4, by plottitgversus
obtained using P/V. The slope of the linear plot is inversely proportional to
the reduced mobility and the intercept equals the time spent
Keq= I[C4H5 " (H,0).)/I[CsH; (H,0),_,]P(H,0) (1) within the second quadrupole before the detection of the ions.
Figure 1 displays the mass spectrum of the mass-selected
Herel is the intensity of the peaks taken from the ATDs and CsHz™ ions injected in pure helium, and the inset figure
P(H20) is the partial pressure of the water vapor inside the drift illustrates the variation of the ATDs with P/V used to calculate
cell. All the equilibrium experiments are conducted at low drift the mobility of GHs™. The reduced ion mobility is related to
cell fields of 1 V/cm and corresponding long residence times the average collision cross section of the ion with the buffer
of 3 ms. The equilibrium constants measured as a function of gas according to eq 5 of the kinetic thedty:

Il. Experimental and Computational Methods

wherezy is the drift velocity ancE is the field across the drift
region. The reduced mobiliti{y (scaled to the number density
at standard temperature and pressure STP) is given by

whereP is the pressure in Torr and is the temperature in
Kelvin. Equations 2 and 3 can be combined and rearranged to
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Figure 1. Mass spectrum obtained following the injection ofHz" into the drift cell containing pure helium at 2.5 Torr and temperature of 273
K. The large inset displays the arrival time distributions (ATDs) of thel{ ion at different drift voltages (decreasing from left to right). The
small inset shows a plot of mean arrival tintg) ©f CsHs"as a function ofP/V (Torr V1),

1 (187)Y?11 12 ze H
N 16 ] T(ll) (5) 1.079
m" M| (eT) Q% g C 120.0
whereN is the buffer gas number density,is the mass of the 150.0
ion, my, is the mass of a buffer gas atomjs the number of y/
chargesg is the electron chargég is Boltzmann’'s constant H/ 1.370 H

and Q1,4 is the average collision integral. The optimized
geometry of the cyclic-CsHz™ ion was obtained at the MP2/
6-31+G** level of theory, and for the propargyl isomer we

used the structure reported in ref 42. These structures (shown H 1348 1232

in Figure 2) are used to obtain average collision cross-sections 118.3 C C=—C—H

using the trajectory calculations which employ a potential ) 092 1078

consisting of LJ and ion-induced dipole interactidhgt 303 H

K, the measured cross-section of theHgions in He is 32.9 Figure 2. Ab initio structures of the cyclopropeny! iorc-CsHs*)
A2 somewhat closer to the calculat@bf 34.5 A for the cyclic obtained at the MP2/6-31G** level (this work), and the linear

isomer than toQ of 36.6 A2 calculated for the propargyl  propargyl ion (HCCCHY) (ref 42).
structure. This and the observation of only one ATD peak in
our experiments at lower temperatures under high-resolution of the ions into the drift cell where the injection energy is higher
mobility conditions, confirm that the i3 ion generated in  than the barrier to isomerization of the HCCg&Hons38:39This
our experiments has the cyclic structure. isomerization is also assisted by association with water mol-
To further confirm the structure of the injectedHG™ ion, ecules in the drift cell. In fact, theoretical calculations showed
~0.05 Torr of GH4 and 0.3 Torr of pure water vapor are that the isomerization barrier from the linear propargyl ion to
introduced into the drift cell, similar to the conditions used for c¢c-CsHs™ vanishes with three water molecules associated with
the equilibrium measurements below. If lineaHz" is present, the propargyl iorf?
it will react with GH4 with a half-life of about 4x 1077 s 2. Thermochemistry of Hydration of the c-C3H3z™ lon.
under our conditions, much faster than the millisecond range Figure 3 displays the mass spectra of thgd£/H,0 system
drift time; i.e., all of the linear isomer will be converted to form obtained at different temperatures. The mass spectra show the
the GHs™ (m/z 65) ion, whereas the cyclic isomer is unreac- CsHztW,, clusters (W= H,0) and the protonated water clusters
tive#* The mass spectrum does not show the appearance of newW,H") formed by the deprotonation of thelds" ions. At 60
products under these conditions and the equilibrium distribution °C, the cluster population shows thgHz*W, sequence with
of the clusters is also not affected by the presence of ethylene.n = 1 and 2, and the WA* series starting fronm = 4. As the
Therefore, both the mobility and reactivity tests confirm that temperature decreases, the ion intensity #4 decreases and
the observed ion is theCsHs™ isomer. If the El ionization of the GH3™W,, sequence increases with the highest value f
benzene produces both linear and cyclic isomers in our 6 clearly observed at 1&. The population of the WH™ series
experiments, then we must assume that the linear idRE also shifts to highen with decreasing temperature. However,
(HCCCH,") = 282 kcal/mol) rearrange to the more stable cyclic we note that in the bottom panel of Figure 3 th#lg" W, cluster
isomers AH°(c-C3Hs*) = 257 kcal/mol) during the injection  populations decrease @ = 3 and increase again with a
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Figure 3. Mass spectra obtained following the injection @Hz" ions Time (ms)

(m/z 39) into 0.30 Torr of pure kD vapor at different temperatures.  Figure 4. Arrival time distributions (ATDs) of GHs™(H,O), clusters,
n = 0-5, obtained by injecting 5" ions (1/z 39) into 0.28 Torr of

maximum atn = 4. The higher clusters,$8l3"W,, withn > 4 pure at HO vapor at 18°C.
remain the smallest cluster peaks under any observed conditions.
In the GH3™/H,O system the overall APT reaction is given 184 041 12
b -
y - 17
CgHy'™ + nH,0 — (H,0) H" + CH,' (6) X 16 45
- I . "= 15
However, we observe in Figure 3 an equilibrium population of g
stabilized hydrated clusterss@;t(H,O)n, and the APT can 144 34
proceed from these clusters as in reaction 7. é 13.
. =
CyHy (H0)yy + HO— (HO)H + CH,  (7) £ 12 2
- TR
Both reactions 6 and 7 are endothermic for smdiut become
exothermic at sufficiently large because of the stability of 10 e 28 30 32 34 36
the product protonated water clusters. In fact, the energetics of ’ " : 9 : :
the reaction show that reaction 7 turns from endothermic into 1000/T (K")
approximately thermoneutral at = 4 corresponding to the  Figure 5. van't Hoff plots for the clustering equilibria: &ls"(H,0)-1
CsHs*(H20); reactant. The weak minimum agis*(H20)s in + H.0 — CsHs*(H.0), represented byn(— 1) — n, with n = 1-5.

the cluster distribution at 18C shown in Figure 3, may suggest _ . ) _
that the side reaction competes with the equilibrium processes,g';‘ﬁ;%leb)T her_i“?_f:g”;‘%%39{;28)"'3’”&“0” Equilibria
thus resulting in depletion of the ion intensity of thgHz"- 1 n

(H20); cluster. We observed a similar distribution in the n AH® (kcalmol™) AS’ (catmol™K™)

benzeng*/water system but with a more pronounced minimum 1 -11.7 —18.8
at the benzene(H,0)s cluster. In that system, the competition 2 —10.3 -17.2
from the deprotonation reaction was strong enough to prevent 3 —85 —-15.8
the establishment of equilibrium between the benz&r0); ‘51 :1(2)'8'3 :ig'g

and benzene(H,0); specieg??! However, in the present
CsHs"/water system, this effect appears to be negligible because *Error estimate for experimental values from standard deviations
no shift in the ATDs is observed and the equilibrium appears of van't Hoff and from ousual uncertainties in clusterln_g1 eq_lilllbnum
to be established among the ObseN@H£(HgO)n ions. A good temperature studiesAH° + 1 kcal/mol,AS* + 3 catmol 1-K™%,

test of equilibrium comes from the identical ATDs of the ions
coupled by equilibrium. If the ¢Hz™ and GH3™(H,0), ions

are in equilibrium, their ATDs must be identical. This is evident . :
from the ATDs shown in Figure 4 for thesBs"(H;0), ions bonds of about 10 kcal/mék45-47 The bonds in this system

with n = 0-5. The equilibrium constants for the stepwise &€ stronger by a few kcal/mol than in the respective clusters
hydration of GHs" (eq 1) yield the van’t Hoff plots shown in  ©f CeHs"* because of tﬁe higher charge density on thel
Figure 5. The resultindH° andAS® values are listed in Table 0N as compared todBs™. However, these bond strengths are

hydrogens that can form CH:--OH, hydrogen bonds, and the
observed values are consistent with the usual strengths of such

1. also similar to the 810 kcal/mol bonds of OB +-OH, bonds
The measured thermochemical values shown in Table 1 arein large hydrated clustef8.Therefore, the gHz*(Hz0), (n =
unusual in that the binding energies o§Hz*(H-0), do not 2 and 3) clusters may have isomers of comparable energies with

follow the usual regular decrease withobserved in typical direct bonds to the core ion (internal solvation) and with the
ion solvation?? This could suggest that there are several binding outer shell waterwater bonds (external solvation). The struc-
sites with comparable energies for the water molecules to attachtures of the low energy isomers obtained from ab initio
to the GHs™ ion. The c-C3Hs' ion has three equivalent calculations will be discussed in the next section. These isomers
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may be in equilibrium in the observed populations, as observed C3Hz"(H20); cluster than that provided by the solvated ion

in other cluster systent3:*8

Because the-C3Hs™ ion has three equivalent hydrogens that
can form CH™---OH, hydrogen bonds, it may appear that the
fourth H,O molecule about g3t must necessarily be in an
outer shell. Formation of a new shell can lead to a drop in the
binding energied247but in the present case the binding energies
of the weak CH*:--OH, bonds have similar energies to the
usual OH---:OH, bonds in outer shells, and in such cases
forming a new shell does not lead to a drop in the binding
energieg247In fact, the measured bonding energycatsHs -
(H20), increases rather than decreasen &t 4, and this may
suggest the formation of a cyclic water tetramer within the
c-CsH3t(H20)4 cluster, which could provide stronger binding

structure (3-d) where the three water molecules participate as
acceptors to the hydrogens of theHz" ion. The second lowest
energy isomer (3-b), 1.2 kcal/mol higher in energy than 3-a,
indicates that the watewater interaction, although not in a
cyclic structure, can still provide extra stability over the solvation
shell structure (3-d). The third isomer (3-c) represents a structure
that involves both the ion solvation and hydrogen bonding
interactions among the three water molecules. This isomer (3-
¢) has energy similar to that of the solvated ion isomer (3-d)
that involves no hydrogen bonding interaction between the water
molecules.

The addition of the fourth water molecule produces structure
4-a as the lowest energy isomer of theHg"(H,O)4 cluster.

as compared to a solvation shell consisting of three water The known water tetramer cyclic structf#€° binds with two

molecules with the fourth molecule in an outer shell. In fact,

long hydrogen bonds to thesBs™ hydrogens and provides the

the calculated structures discussed below provide evidence forlowest energy isomer (4-a). The second isomer (4-b), 2.2 kcal/
this speculation. Another experimental result consistent with the mol higher in energy than isomer 4-a, has the fourth water

formation of a cyclic water tetramer is the sudden increase in
the —AS’3 4 value, which suggests the presence of orientational

molecule hydrogen bonded to the cyclic water trimer which is
located above the 4El3™ ion. The third lowest energy isomer

restraint of the water molecules as a result of the connectivity (4-c) is higher in energy by 5 kcal/mol than isomer 4-a and has

between the four water molecules in a ring-like structdrehis
point will be further discussed with the calculated structures of
the GH3"(H.0)4 isomers. As noted above, at this cluster size

a very different structure in which the fourth water molecule
starts to form a second solvation shell through hydrogen bonding
to water in the first solvent shell. This isomer (4-c) and all other

the measured values may also reflect effects of the deprotonatiorisomers are higher in energies by-% kcal/mol relative to
side-reaction, although the equal ATDs in Figure 4 suggest thatisomer 4-a. It is quite interesting that the lowest energy isomers

we observe the equilibrium in all steps.

3. Structures and Binding Energies of the Hydrated
c-C3H3* lons. Figure 6 displays the calculated structures for

of the GH3*(H,0)3 and the GH3™(H,0), clusters involve the
formation of a cyclic water trimer and tetramer, respectively.
This propensity of water molecules to form cyclic structures in

some low energy isomers obtained from the ab initio calculations the presence of the CsHs™ ion is consistent with the structural

at the MP2/6-31+G** level along with their energies relative

behavior of neutral water clustef%50

to the most stable isomer of each cluster. The structures of the The calculated binding energies at three different levels of

lowest energy isomers af-CsHz*(H20), with n = 0—4 are
shown in Figure 7.

Two isomers were obtained for tisgeC3H3™(H20), as shown
in Figure 6A; isomer 1-a is more stable than isomer 1-b by 0.7

theory after the BSSE corrections for theHz"(H20), clusters
with n = 1—3 agree reasonably well with the experimental
values, as shown in Table 2. However, it is clear that the
interatomic distance between the O atom of water and the H

kcal/mol due to the aligned hydrogen bond between the wateratom of the GHs" ion in the GH3"(H.O) cluster is highly

oxygen atom and the #£3" hydrogen atom. The charges on
c-CsHz™ are equally distributed and localized among the carbon
atoms (90% of the charge). Upon clustering with one water
molecule, the charge distribution changes with significant
localizations on the hydrogen atoms of t3H3s™, and one
C—H bond shows elongation resulting from the linear H-bond
formation with the oxygen atom of the water molecule.
Clustering of the second water molecule starting from isomer
1-a gives the most stable internally solvategHg (H,O), ion
(isomer 2-a in Figure 6B). The bond lengths and charge

sensitive to the degree of electronic correlations as shown Table
2. The lowest energy structures presented in Figures 6 and 7,
obtained with full geometry optimizations at the MP2/6+&3**

level, are expected to capture most of the electronic correlation
effects. The BSSEs are calculated in cases where the addition
of a water molecule to the lowest energy isomer of the-(1)
cluster results, after geometry optimization, in the lowest energy
isomer of the i) cluster. For the gHsz"(H.0)s cluster the
addition of the fourth water molecule to the lowest energy
isomer (3-a) does not produce the lowest energy isomer of the

distributions are very symmetric on isomer 2-a. The other three CsHs*(H20)s cluster (4-a). Therefore, the binding energy

higher energy isomers (2-b, 2-c and 2-d) all involve water
water interactions with isomer 2-c (1 kcal/mol higher in energy

calculated on the basis of the lowest energy isomer of th €
(H20)4 cluster (11.99 kcal/mol at the MP2/6-83G** level in

than the most stable isomer 2-a) showing the shortest H-bondscomparison with the experimental value of 12.3 kcal/mol) does

between water an@d-CzHzt (H,0---HCsH,*, 1.748 A) and
between waterwater (HO-+-HHO.HGH,", 1.792 A).

On the basis of the structure of theG* ion, the GH3™-
(H20)s cluster is expected to mark the first solvation shell around
the GHs™ ion. However, the solvated ion structure (3-d) is
higher in energy by 2 kcal/mol than the most stable isomer (3-
a), as shown in Figure 6-C. interestingly, the lowest energy
isomer (3-a) shows the three water molecules forming a cyclic
trimer that interacts with the4Eis™ ion. This structure is clearly
very different from the classical ion solvation structure that
involves H-bonds with the hydrogens of théCsH3™ ion. This
indicates that the watemwater hydrogen bonding interaction
within the cyclic water trimer can provide more stability to the

not include the BSSE correction. It should be noted that the
presence of several isomers with comparable energies and many
different connecting pathways make the calculations of the
BSSEs and, therefore, the corrected binding energies, uncertain
for the large clusters. It should be clear, however, that the
experimental binding energy in these systems may reflect an
average of several possible structural isomers with comparable
energies.

4. Kinetics and Energetics of the Deprotonation Reactions.
The APT reaction (2) or (3) converts the populations of the
equilibrium-coupled gHsz"(H.O), clusters to populations of
protonated water clusters §8),H". Figure 8a (left) illustrates
the change of ion concentratietime profiles due to this
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TABLE 2: Binding Energies (kcal/mol) of the C3H3"(H,0),
Clusters Calculated at Different Levels of Theory — 6.0
MP2//[ROHF/ B3LYP/ MP2/ E
n 6-31+G**P 6-31+G** ¢ 6-31+G**d4  exp 3 5.5
1 11.95(13.71) 12.70 (13.60) 11.83(13.78) 11.7 g =
2 10.74 (12.47) 10.91(11.81) 10.51(12.46) 10.3 z 50 =
3 9.67 (11.41) 9.21(10.14) (10.61) 8.5 z
4 (10.20) (9.05) (11.99) 12.3 2 45
CH..OH, (R)  1.946 1.806 1.851 = '

2 The values between brackets do not include BSSE; only ZPVE is 70x10"  1.4x10° 2.1x10° 3.36 3.40 3.44
included.” MP2 energies on the optimized ROHF/643&(d,p) struc- . 1
tures.c Optimized at the B3LYP/6-3£G** level. ¢ Optimized at the Time (s) 1000/T (K)
MP2/6-3HG** level. Figure 8. (left) Concentratiortime profiles of the sums of thesH3*-
) ] o (H20), ions (full triangles and full stars) and of the product@LH*
reaction. We can calculate the pseudo-first-order rate coefficientsions (open triangles and open stars) as a function of reaction time as

from the decay of the normalized intensities of th#lgh (H20), measured by the drift time of thesB5%(H;O), ions in the mobility

clusters using plots of I&I[CsHs™(H20)J/(ZI[C3sH3T(H20)] cellin neat water vapor at PQE_D) = 0.24 Torr. Solid lines:T = 279

+ Zl[(HZO)nH+])) Vst (drlft t|me) of the QH3+(HZO)n C|USterS, K. Dotted lines: T = 293 K. (rlght) Plot of In k vs 1000/T (Kl)

where the sums are over the intensities of the ATD peaks of all in association reactions.The observed temperature coefficients

the observable clusters at any given temperature. As in theof k= cT2to cT 8 are due to competitive dissociation of the

benzené*/water system, the rate coefficients show very large reaction complexes to products or back to react&tmwever,

negative temperature coefficients, which may be obtained from the much larger temperature coefficients of the deprotonation

the plot of Ink vs In T in the exponential form als = cT 634 reactions in GHst/water, and in benzerigwater systems, may

or as an Arrhenius activation energy e87 + 1 kcal/mol as be attributed to a different source. In these cases a many-body

shown in Figure 8 (right) (error estimates based on standard cluster GH3"(H20), (n = 3) needs to be assembled first to make

deviations of the slopes of the plots). the deprotonation reaction 7 energetically possible. These
Negative temperature coefficients were observed in bi- clusters may be seen as the reactive fraction of the overall cluster

molecular ior-molecule reactions in hindered reactants, and populations. This reactive fraction of the equilibrium cluster
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populations increases with decreasing temperature. The cumula- 5
tive enthalpy change for forming theslds*(H,O), clusters is B
the sum of the association enthalpies of the first n steps, BWA
respectively. In the present system this enthalpy chang8@s5 BA ?
kcal/mol forn = 3 and—43.0 kcal/mol forn = 4, in same

range as the observed Arrhenius activation energy3x kcal/ B J H‘i"% BAAS

mol. We found a similar relation between thermochemistry and
kinetics in the benzeri@/water systeni%21

As to the energetics of the deprotonation reactions, we may
consider the energetics of the overall reaction 6 or of the
stepwise reaction 7 above. The energetics may be calculated
from the proton affinities of KO (165 kcal/mol) and of the
c-C3Hy* radical (227 kcal/mol§? the binding energies of the
(H20)H™ clusters of 32, 21, 18, and 13 kcal/mol fo= 2—5,
respectively?! and, for reaction 7, the binding energies of the m/z
C3H3*(H20), clusters (Table 2). For the overall reaction 6 we Figure 9. Mass spectra obtained following the injection ofHg**
find, for deprotonation by n O molecules, 1f = 1 to 5) the ions (B,m/z 78) into 0.20 Torr of pure CECN (A) vapor at different
AH° values of 62, 30, 10—7 and—20 kcal/mol. Therefore, temperatures. W= H,O, F= C4H," fragment from the benzene cation.

the overall reaction becomes exothermic for deprotonation by

"

Intensity (arb. units)
[+ 1]

50 100 150 200

4 H,O molecules. For the stepwise reaction 7, deprotonation ~ _ @ CH(CHCN), (b) (1,2) - 20
by a total of -5 H,O (i.e., withn going from 1 to 5 in reaction £ L ‘;
7) hasAH® values of 62, 41.7, 20.3, 1.5 and7.7 kcal/mol, g CH(CHCN), @34 =
respectively. Thus, this reaction becomes about thermoneutral £ 0.1) L 3
at the deprotonation of the 3-fold solvated iogHg"(H20)s, & i ‘ 16 E
and exothermic at the deprotonation of the 4-fold solvated ion 2 CH, - CH.ON L G
CsHz"(H20)s. £ 14 2
The thermochemistry of the overall reaction 6 is relevant if E CH; =
the reaction proceeds effectively in one step, i.e., if the cluster A 12 &
is assembled without stabilization, retaining the exothermicity T

T T T T T T T T T T T T
of all the association steps as internal energy for deprotonation/ 1.2 3 4 5 625 30 35 40
dissociation to form products. This may be possible in the Time (ms) 1000/T (K )
experiments that use neat water vapor, where cpll[5|on ywth Figure 10. (a) Arrival time distributions (ATDs) of gHg"*(CHsCN)n
every successive # molecule can lead to association with  clusters,n = 0—3, obtained by injecting &ls* (m/z 78) into 0.17
the release of the binding energy into internal energy, rather Torr of pure CHCN vapor at 98°C. (b) van't Hoff plots for the
than removing energy from the cluster. However, if a third body clustering equilibria: €Hg™(CHzCN)n-1 + CH3CN — CeHe™*(CHs-
is present, it would stabilize the growing cluster and no internal CN represented byn(— 1) — n, with n = 1-3.
energy would be available for deprotonation/dissociation. In fact,
we observed such a third-body effect in the benzZ&mater

system where the addition of He quenched the deprotonanonserved but the protonated acetonitrile clustetéGHsCN), are

reaction?! _ \ _
h ; ; b h | with not present. This may suggest that the deprotonation reaction
The stepwise reaction 7 becomes near thermoneutral with .14 have occurred from the B5"(CH:CN)s cluster to

deprotonation of the 3-fold solvated cluster by the fourtf©H produce H(CHsCN); which in the presence of water impurity
molecule, which is consistent with the observed results. An .o rapidly the very stable cluster ion*fH;0)(CHsCN)s.
intermediate mechanism, where the incipient clusters are g o ster has been studied extensively and its unusual stability

partially thermalized between steps is also possible. Clearly, j5 ayrihyted to the formation of a blocked structure consisting
the mechanism of associative transfer reactions requires further¢ 5 contral hydronium ion (0%) solvated with three aceto-

intense peak. In addition, small peaks corresponding to
CesHg'*(H20)(CH3CN), and H(H,O)(CH:CN);z are also ob-

studies. - nitrile molecules through three JA*H--:NCCH; relatively
5. Solvation of GHe ™ and c-CsHs" by Acetonitrile. Given strong hydrogen bond8 Alternatively, the deprotonation reac-
the similar behaviors of the ¢glg** and c-CsHs* ions with tion could take place from thegBg"*(H20)(CHsCN), cluster

respect to the hydration and deprotonation reactions, it is to produce H*(H20)(CHsCN),, which would immediately add

interesting to examine the solvation of these ions with a 3 CH;CN molecule to form the observed stable cluster

nonprotic solvent molecule such as acetonitrile where the H+(H,0)(CH;CN)s. The energetics of the deprotonation reac-

formation of an extended hydrogen bonding network may not tions in both the @Hg™*(CHsCN), and the GHs"(CHs:CN),

be possible. clusters will be discussed following the discussion of the binding
Figure 9 displays the mass spectra obtained following the energies of these systems.

injection of GHg"* ions into the drift cell containing 0.20 Torr Figure 10a displays identical ATDs ofs"*(CH3:CN), ions

of acetonitrile vapor at two different temperatures. At @3 with n = 0—3, confirming that equilibrium has been established

the major observed ions arels™ and GHg**(CH3CN), with under the experimental conditions. The equilibrium constants

n= 1 and 2. In addition small intensities corresponding to the for the stepwise solvation of ¢Bls™ with 1—3 acetonitrile

clustering of one and two molecules of acetonitrile onto the molecules yield the van’'t Hoff plots shown in Figure 10b. The

C4H4** fragment ion of benzene are also observed—48 °C resultingAH® and AS’ values are listed in Table 3.
the GHg*'* ion intensity decreases as the distribution shifts to  Figure 11 displays the mass spectra obtained following the
higher acetonitrile clusters with thegs™(CHsCN)3 now injection of the GHz™ ions into the drift cell containing 0.1

observed and thegBls™*(CH3CN); cluster representing the most ~ Torr of acetonitrile vapor at different temperatures. As the
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TABLE 3: Thermochemistry @ of the Solvation Equilibria of CH,'(CH,CN),
CeHg™ and CsHs™ by Acetonitrile Molecules @ ) 12 2-3
e 18
n AH?® (kcakmol1) AS (calmol-KY) T=60"C I ol
CeHe™(CHsCN)r_1 + CHsCN = CgHg*+(CH3CN), £ -
1 —-15.1 -225 £ / T
2 —-10.5 —19.3 = GH (CHCN), r16 _ -
3 -9.4 —-22.1 = 3
N’
C3H3"(CH3CN)n—1 + CH3CN = C3H3"(CHsCN), Z E
1 -153 -215 G s
2 -133 -18.2 g ez
3 —12.0 —21.6 = CH,(CH,CN) =
2 Error estimate for experimental values from standard deviations ~
of van't Hoff and from usual uncertainties in clustering equilibrium L12
temperature studiesAH® + 1 kcatmol™?, AS® &+ 3 catmol K™,
o [T=40°C 1 2 3 4 5 24 27 30 3335
Time (ms) 1000/T (K™
CHA, Figure 12. (a) Arrival time distributions (ATDs) of gHs"(CH3;CN),
A, clustersn = 1—3, obtained by injecting 13" (m/z 39) into 0.1 Torr
0 of pure CHCN vapor at 60C. (b) van't Hoff plots for the clustering
2 HAY  cua [T=-10°C equilibria: GH3*(CH3CN),—1 + CHsCN — CsH3*(CHsCN), repre-
s AW LEETRd sented by 1§ — 1) — n, with n = 1-3.
= M
S
s CHJA, interactions which exhibit strong distance dependencesRsf 1/
%‘ CHA, and 1R3, respectively’
S JEN The stepwise deprotonation reaction in th#l€/(CH;CN);,
- CH/A, —2n° i
E an cluster system is represented by
C;H; (CH,CN),_, + CH,CN—
(CH,CN),H" + C;H," (8)
=
=
A, A
T ' ' This reaction is endothermic by 26.1 kcal/mol for the= 2
100 150 200 250 y

m/z
Figure 11. Mass spectra obtained following the injection ofHz"
ions (mz 39) into 0.1 Torr of pure CECN (A) vapor at different
temperatures (W= H;0).

temperature decreases, the distribution of tBsC(CH;CN);,
cluster series shifts to larger and at—40 °C the GH3z™(CHs-
CN), is the most populated ion among this series. Similar to
the GHg™/(CH3CN), system, the FI(H,O)(CH;CN); cluster

and 14.8 kcal/mol for they = 3 step?* However, the corre-

sponding reaction for g™ is exothermic for then = 3 step

because of the lower proton affinity of thelds® radical (212
kca./mol) as compared to that of theH® radical (227 kcal/
mol).3% As a result, the deprotonation reaction could be observed
in CeHe™(CH3CN), clusters withn = 3. In both cases, ¢Els™

and GHs™, the mass spectra show significant abundance of the
stable cluster ion H(H,O)(CHCN)s. This suggests that the
presence of water facilitates the deprotonation reactions. In other

exhibits a remarkable enhanced population at all temperatures,""ords' the deprotonation reactions can become more exothermic

again confirming the extra stability of this cluster. Figure 12a
displays identical ATDs of gHs™(CH3sCN), ions withn = 13,
and Figure 12b shows the van't Hoff plots for the stepwise
solvation of GHst with 1-3 acetonitrile molecules. The
resultingAH® and AS’ values are listed in Table 3.

Consistent with other hydrogen bonded systems, the results
in Table 3 show that the highly polar acetonitrile molecujes (
= 3.6 D) bind to the GHg"" and GHs™ ions more strongly
than water. For example, Table 3 shows that the first three
CH3CN molecules solvate 4Ei5* by 40.6 kcal/mol compared
with 30.5 kcal/mol for three KD molecules (Table 1). In the
case of solvation with CECN molecules, the inner shell solvent
molecules are attached by €H:-N type bonds to the core ion
and the outer shell solvent molecules are attached similarly by
CH%*++-N bonds to the methyl hydrogens of the inner shell
molecules. Most bond strengths of this type arel8 kcal/
mol, and therefore, starting an outer shell with {OMl
molecules does not show a significant thermochemical effect.
However, the effect of the smaller size and, consequently, the
higher charge density of thes8s* compared to the gle"
ion is clearly demonstrated in the significantly higher binding
energies of the second and third acetonitirle moleculesitz C
This is a direct result of both chargéipole and dipole-dipole

by the incorporation of water molecules in thgHg"*(CHs-
CN), and GH3™(CH3CN), clusters. In fact, the overall reaction
[M* + 3CHCN + H;O — H*(H20)(CHCN)z + (M—H)*] is
exothermic by 25.7 and 30.7 kcal/mol, for M C3Hst and
CeHg ', respectively. The observations of the binary cluster ions
CesHg'*(H20)(CH3CN), and GH3™(H20)(CH3;CN), in the mass
spectra support this suggestion. In this case, the generated
H*(H,0)(CHCN), ions within the neat acetonitrile vapor would
immediately produce the terminated clusterg@H)(CH3CN)3

with methyl-blocked ligands that are not likely to add further
acetonitrile molecules. It is interesting to note that the presence
of a small water impurity can drive the deprotonation reactions
in systems with blocked ligands that otherwise cannot form
strong hydrogen bonded network that collectively removes the
proton from the hydrocarbon ion.

IV. Summary, Conclusions and Outlook

We examined the gas-phase hydration, deprotonation and
solvation of the GHz™ ion. Mobility and reactivity measure-
ments indicate that we are observing the stabl3H3z™ isomer
under our conditions. The binding energies of the hydrated
clusters of about 912 kcal/mol and the somewhat stronger
bonds to the more polar GBN molecules are typical for
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carbon-based CH:-X hydrogen bonds. The measured binding
energy and entropy change show unusual large values for th
hydration of thec-C3Hs™ ion by four water molecules. Ab initio
calculations show that the lowest energy isomers ottgHs"-
(H20); and c-C3H3™(H20)4 clusters consist of a cyclic water
trimer and tetramer, respectively interacting with th€sHz™

ion. For thec-C3Hs™(H0)4 cluster, the cyclic water tetramer
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