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The thermochemical properties of some small clusters such as0&(Hlimer have already been investigated

by both experimental and theoretical methods. The recent method to selectively prepare the ammtenia
ionized dimer [NH, H,O]** (and not its proton transfer isomer [NH OH]) allowed us to study its chemical
reactivity. This study focuses on the charge and proton transfer pathwaysmiaacule reactions in the

cell of an FT-ICR mass spectrometer were carried out with a range of organic compounds. Examination of
the reactivity of the [NH, H,O]*" ionized dimer versus ionization energy and proton affinity of the neutral
reagents shows a threshold in the reactivity in both instances. This leads to a bracketing of thermochemical
properties related to the dimer. From these experiments and in agreement with ab initio calculations, the
adiabatic recombination energy of the [BJHH,O]*" dimer was evaluated at9.38 + 0.04 eV. The proton
affinity bracketing required the reevaluation of two reference gas-phase basicity values. The results, in good
agreement with the calculation, lead to an evaluation of the proton affinity of the’[NkD] dimer at 204.4

+ 0.9 kcal moft. These two experimental values are respectively related to the ionization energyof NH
and to the proton affinity of NK by the difference in single water molecule solvation energies of ionized
ammonia, of neutral ammonia, and of the Niradical.

Introduction CHART 1

A couple of years ago, our group devised a method to produce H"NLH---O’H H\N+_H,,.—0:
and isolate the ionized ammonriavater mixed dimer in the cell H™ \H H\;_" H
of a Fourier transform ion cyclotron resonance (FT-ICR) mass 1a 1b

spectrometet,by using the reaction of ionized formamide or

ionized hydroxyaminocarbene with water (eqs 1 and 2). charge transfer reactions (or absence of these reactions) with a
Although the properties of isolated neutra] ammenaater set of reference molecules. The lack of similar experimental
dimer have been investigated spectroscopically in maftkes §ata for the [NH, H,0]** dimer was a motivation for the current
and in molecular bearfi® and well-characterized by theoretical work, which will make use of a similar methodology to
calculations’® those of the ionized dimer had only been getermine two thermochemical properties related to this dimer:
predicted by means of theoretical calculati8d$These latter  the adiabatic recombination energy of the ionized JNHYO]*
results, refined by higher-level calculatiohshowed that two  gimer (which is the opposite of the adiabatic ionization energy

stable structures can exist for the [)HH,O]'* dimer (Chart of the [NHs, H,0O] dimer) and the proton affinity of the [N
1): 1a the most stable, corresponds to a hydrogen-bonded 0] solvated radical.

structure in which both the charge and the radical are located  Another motivation for this work is that the [NiHH,O]*
on the NH moiety; 1b, 4.8 kcal mof* less stable thara, dimer can be considered as a prototype of hydrogen-bridged

corresponds to a proton transfer structure fNFOH?. Colli-  r4gical cations. These odd-electron complexes, built of two
sion-induced dissociation experiments showed that the ionsmpgjeties, one an even-electron species, the other one an odd-
produced by reactions 1 and 2 are of structlaé electron species, linked by a proton, present a very diverse

reactivity. A first set of reactions arises from the proton-bound
HCONH,"" + H,0 — [NH;, H,0]"" + CO (1) structure of these dimers. A quite obvious reactivity for these
dimeric species is the occurrence of ligand exchange with
HOCNH,"" 4+ H,0— [NH,, H,0]"" + CO (2 various neutral molecules. The exchanged moiety can be either
the even-electron species or the radical species, depending on
A related ionized dimer, the ionized water homodimer, has the relative proton affinities of the moieties. For instance, the
been extensively studied in the past years, because it is easy ténajor reaction of the ionized enewater dimer (formed itself
produce either by photoionization of water dimers in a super- by the reaction of the enol radical cation witrt-butyl alcohol)
sonic jetl12 or by consecutive exchange of xenon atoms by is the exchange of the water moleculetbyt-butyl alcohol (eq
water molecules in the ionized xenon dimét? The latter 3).1> A further reaction of the ionized enetert-butyl alcohol
method led to a comprehensive study of the gas-phase reactivitydimer is the exchange of the GEBHO radical leading to the
of the ionized water dimé The recombination energy (RE) formation of a protonatedert-butyl alcohol dimer (eq 4). A
of the ionized water dimer was bracketed on the basis of the second reactivity typical of proton-bound cations, which has
been abundantly studied, is a catalyzed isomerization occurring
* gvdr@dcmr.polytechnique.fr. within the complex: one moiety can help in the transport of a
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proton leading to an isomerization within the complex. Catalyzed a proton from the dimer through an intermediate three-body
isomerizations are also observed within hydrogen-bridged radicalcomplex (eq 11). This pathway is discussed in the present
cations!6-20 A typical reaction is the isomerization of ionized article: The reaction of the [N& H,OJ]*" dimer with a range
methanol into its more stable-distonic isomer catalyzed by  of reference neutral bases is used to bracket the proton affinity
water, which proceeds through two intermediate hydrogen- of the [NH,*, H,O] solvated radical.
bridged radical catioi&2122(eq 5).

[NH,, H,O'" + B — [NH,, H,0, B —

BH" + [NH,, H,0] or BH" + NH," + H,0 (11)

ﬁ‘OH——OH2 +1BUOH —— ﬁBI-|--0(H)‘BU +H,0

(3)

BH--O(H)'Bu

+'BUOH — _P @ (3) Charge Transfer Reactions (CT) These reactions are
similar to the proton transfer reactions except for an electron
transfer to a radical cation: They occur when the gNH,O]"*
dimer reacts with an electron donor species of sufficiently low
ionization energy (eq 12). This reaction is the other reaction
pathway discussed in the present article. In a manner similar to
On the other hand, the radical cation nature of the complex the determination of the proton affinity of the [Nt H,O]
can be evidenced by the appearance of three-electron/two-centesolvated radical, the reactions of the [)HH,O]** dimer with
(3e7/2¢) bonds or by charge transfer reactions. For instance, ina range of neutral molecules of known ionization energies is
the reaction of ionized acetaldehyde with methanol, the 1,3-H- used to bracket the adiabatic ionization energy of the JNH
transport isomerization is made possible by the initial formation H,O] neutral dimer.
of a 3e7/2c bond which lies only slightly higher in energy than
the proton-bound structufé.Other radical-type reactions such
as H-atom transfer are also possible. For instance, such a radical
shift is involved in the second step of the reaction leading to
the overall isomerization of the acetamide radical cation ) ) ) )
catalyzed by benzonitrité (eq 6). Finally, the radical cations _ (4) Hydrogen Abstraction Reactions (HA). This reaction
moiety can retain its intrinsic reactivity. This is the case for the 1S @lSo related to the odd-electron properties of the dimer. An
water-solvated distonic iofCH,CH;O(H)CHs* which reacts example of such reactlons is the exothermic r(_aactlons with long-
by I* abstraction with allyl iodid@® a reaction typical of its ~ chain aldehydes, a minor pathway of which leads to the
radical site (eq 7). It is also the case for the water-solvated enol@PPearance of [Nk H,0]" and NH," cations (eq 13j°
ion, which undergoes a cycloadditiogycloreversion reaction
with isobutené>25 (eq 8).

('BUOH),H" +

CH;OH" + H,0 — [CH,OH""++:OH,] —
['CH,0H,"++:OH,] — "CH,OH," + H,0 (5)

[NH,, H,O]™" + N — [NH,, H,0, N]'* —
N"" + [NH,, H,0] or N'" + NH, + H,0 (12)

[NH,, H,O]"" + CHy4(CH,),CHO

—[NH,, H,O]" + CH,(CH,),CO"
CgH, CN-+-H"~0O=C(NH,)CD; — [NH,, H,0] 5(CHy);

C;H,DCN-+-HOC(NH,)=CD,"* (6) —NH," + H,0+ CHy(CH,),CO"  (13)

(5) Ammonia-Solvated Fragmentation-Type Reactions
(FR). In a number of instances, a product possessing the
structure of an ammonia-solvated fragment of the reagent
molecule was observed. Different pathways could be involved
in this class of reactions, which have not yet been investigated
fully, except for the case of the reactions of long-chain ketones
and aldehydes. In this latter case, the major and often only
reaction product is a McLafferty rearrangement product solvated

['CH,CH,O(H)CH,", H,0 ] + CH,CHCH,l —
[ ICH,CH,O(H)CH,", H,0] + CH,CHCH," (7)
BH--0H,

ﬁb‘H- -OH, +>: . >:/

The investigations underway on the reactivity of the gNH

+ CH2=CH2
)

H,O]* dimer led to the grouping of its reactions into five classes
which follow the above scheme: the first two are typical of the

proton-bound structure of the dimer, whereas the last three rely

on the radical-cation nature of the dimer.
(1) Ligand Exchange Reactions (LS)The [NHs, H,O]*"
dimer reacts with various neutral molecules by simple ligand

by an ammonia molecule (eq 1%).

[NH, H,O]"" 4+ CHy(CH,),CHO—
[NH,, CH,=CHOH['* + CH,CH, + H,O (14)

In the present work, the aim was to use +onolecule

exchangé. This can be the only reaction product, such as in reactions to determine two thermochemical values related to
the reaction with carbon disulfide (eq 9). In the case of alkenes, the dimer. Therefore, the focus has been put on pathways (2)
the ligand switch can be followed by a collapse to a covalent and (3). To obtain these thermochemical values, it has been
bond, leading to the formation of/&distonic ion (eq 10). The  proven necessary to investigate the-ianolecule reactions of
formation of such distonic ions is exothermic, and it is the major the dimer with a range of neutral molecules, for which the
pathway for most alkene-containing molecules. different pathways are in competition. For this reason, a number
of other reaction products have been observed and are mentioned

[NHg, HOI'" + CS,— [NH;, CSI™" +H,0 (9 in the experimental results, but a full discussion of these results
. N is out of the scope of this article.
[NH3, H,0]"" + CH,=CH, — "H;N—CH,CH,” + H,0
(20) Experimental and Computational Procedures

(2) Proton Transfer Reactions (PT) When the proton lon—Molecule ReactionsThe bimolecular reactions of ions
affinity of the reactant neutral is sufficiently high, it can abstract were examined in a Bruker CMS-47X FT-ICR mass spectrom-
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etef’ equipped with an external ion souf8and an infinity rate constants are indicated after correction of the read pressure
cell? The reagents were all commercially available and used by the gauge sensitivity for the neutral under consideration. For
without further purification. Liquid reagents introduced through most neutrals for which the sensitivity is not known, the
the leak valve assembly were thoroughly degassed throughempirical relationship between gauge sensitivity and polariz-
several freezepump-thaw cycles. In a typical experiment, ability established by Bartme¥swas used. In the absence of
oxamide is introduced in the direct insertion probe of the experimental data, the polarizability was computed following
external source of the mass spectrometer. The ionization ofthe method by MilleB? The efficiencies of the reactions are

oxamide leads, among other ions, to the formation of the reported as the ratio of the experimental rate constant to the
H,NCOH* m/z 45 ionized carbene ioff. calculated collision rate constant, following the method of Su

A difficulty in the protocol used for these experiments is that 2nd Chesnavicf
the [NHs, H,O]*+ dimer is prepared in the cell of the FT-ICR (iii) Static Pressures of Water and of the Neutral of Interest
mass spectrometer by an iemolecule reaction with water. with Continuous Ejection of 0+ or H3O™. In the cases where
Three different protocols were set up to perform the-ion the reaction rates are very slow (half-reaction on the order of 5

molecule reactions, depending on the neutral of interest and onS): @n experimental artifact appeared in the spectra due to the
the types of results that are being looked for: high pressure of water in the instrument. The high-voltage ion

. . ) . transfer system of the apparatus leads to some ionization of the
(i) Static Pressures of Water_ an_d Argon; Pulsed Intr_oductlon water-bath gas, which results in a slow bleeding eDH into
of the Neutral of InterestThis is the same experimental

d detailed in ref 1. Wat d introd dthe cell of the mass spectrometer. These ions can undergo an
procedure as detailed in ret 1. Water an argongare INroducedyy._atom transfer with neutral water leading to the formation of
through leak valves. The pressure is set at 408 mbar for

S Hs;O*. These two ions are respectively very efficient electron
water. Argon, useq as a bath gas to thermally cool the initially acceptors (IE(HD) = 12.62 e\#) and proton donors (PAGD)
translaﬂgnally excited ions, W+aS addeo_l up to a_total pressure of _ 165.0 kcal mot? %), and thus, they interfere in the measure-
2 x 107" mbar. The HNCOH™ m/z 45 is selectively isolated  ent of charge transfer and proton transfer reactions, because
by the use of on-resonance radio frequency (rf) ejection of all {hey can also react with the gas of interest. To circumvent this
unwanted ions. The ammoniavater ionized dimer is produced  problem, most reactions were repeated three times: in a first
by an ion-molecule reaction of (NCOH™ with water taking  experiment, the procedure described above is followed; in a
place for 5 s. After this delay, the [NiH,0]*" mvz 35 product second experiment, the reaction delay was replaced by a
ion is selected by an rf ejection of theMCOH™ m/z45ion.  continuous rf ejection at the mass of®t* (m/z 18.010) of the
The reagent gas is then introduced by means of a solenoid pulsedame duration; and in a third experiment, the continuous ejection
valve. The peak pulse pressure is usually around a feW 10 was done at the mass ofs&* (mz 19.018). Comparison of
mbar, and the pulses can be repeated up to five times, separateghe three results allowed us to ascertain that slowly occurring
by 0.5 s. This procedure led to qualitative results on the-ion  charge transfer or proton transfer originated from a reaction of
molecule reactions of the ammoriwater dimer, but it presents  the [NHs, H,O]** and not from this artifact.
some shortcomings: There is only a crude control on the  cajculations. The Gaussian 98 program package was used
pressure of the introduced gas, and it is not possible to performfor calculations to determine the theoretical values for the
time-dependent experiments. thermochemical values determined in this article. In a first step,
(ii) Static Pressures of Water and of the Neutral of Interest. the G3(MP2§” method was used: following an MP2/6-31G**
This procedure leads to kinetic measurements for the-ion optimization, two single-point calculations, one with a large
molecule reactions of the ammoriwater dimer. Water and  basis set, and the other with QCISD(T) electron correlation,
the neutral of interest are introduced through leak valves: the were conducted to obtain the energies. The frequencies,
pressures are set at{3) x 10-8 mbar for the neutral of interest,  used for thermochemical corrections at 298 K, were evaluated
and water is added up to a total pressure of 40~7 mbar. at the MP2/6-31G** |evel of the theory and scaled by a factor
With such a high pressure of water, conversion of the externally of 0.93. To check the accuracy of the energy obtained by the
produced HNCOH* is achieved after a 1.5-s delay, and there G3 composite method on these small open-shell systems, a
is no need to add argon as a thermalization gas bath. (It wasCCSD(T)/aug-cc-pVTZ single-point calculation was run on
shown that the ammoniawater ionized dimer does not react both the MP2/6-31G** and B3LYP/6-31G** optimized geom-
further with water; therefore, water does not interfere with the €tries.
primary reactions of the dimer. Water should nevertheless be
considered a possible reactant when secondary products ar&esults

fqrm(_ad.) After this delay, t_he dimer is selectively_isolated by rf As described in the Introduction, the ammonigater ionized
ejection of all unwanted ions. It should be pointed out that dimer reacts with neutral molecules through a number of

react@ons with th_e other n_egFraI gas can occur during th_is first different and often competitive reaction pathways. A typical
reaction step: either the initial carbene ion can react with the .- 116 is the reaction with 2-hexanone for which three reaction
neutral gas or the dimer can itself react with the neutral gas. pathways are observed. At 5-s reaction time, which is about
Both of these reactions result in a decrease in the yield of rf- |\t reaction time (Figure 1), five different products can be
isolated dimer; therefore, experimental conditions were opti- ;qentified: [CH=C(CHs)O", NH.*], [2-hexanone, Nii],
mized to a high ratio between the pressure of the water vapory_hexanone, NHst, and (2-hexanongii*. From the semi-
and that of the reagent of interest. logarithmic kinetic plot (Figure 2), it is apparent that [k

By varying the delay between the selection of the ionized C(CHs)O, NH,] (pathway FR), 2-hexanorne(pathway CT),
dimer and the excitation-detection step, one can plot the and NH" (pathway HA) follow parallel evolutions at early
intensities of the parent ion and of the reaction product relative reaction delays, indicating that these are primary reaction
to the total ion intensity as a function of time. From these plots, products, whereas [2-hexanone, NHand (2-hexanongj*
experimental rate constants and branching ratios betweenappear at later delays, showing that these are secondary products.
competing reaction pathways are determined. The experimentalThe decay of [CH=C(CHs)O*, NH,'] after 5 s suggests that
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[NH;, H,0™* this study focused on compounds within a narrow ionization
energy range (9:29.5 eV). In this range, the results with the
: pulsed-valve method were often hard to interpret and ambiguous,
o | [CH,C(CH,,0--HNH,]* mostly because without a kinetic plot, it is hard to discriminate
between primary and secondary reaction products. To improve
[2-hexanone, NH,*] the quality of the results, a new protocol, using static pressures
66 - ’ of the reactant gas was developed (see Methods section).
2-hexanone* Unfortunately, volatile and commercially available neutral
compounds in this ionization energy range are scarce, and for
most of these, the ionization energy is not known with good
. precision. It was nevertheless possible to cover this energy range

100 -

2 _NH“ with sufficient accuracy, using the static pressure protocols. The
(2-hexanone),H* results are summarized in Table 2.
] Ly . JL Proton Transfer Reactions.Following the same methodol-
’ e i s e et ogy as the one used for charge transfer reactions, the proton
w2 transfer channel (PT) was probed by reaction with a series of

Figure 1. Mass spectrum of the products of the reaction betweer,[NH compounds of varying proton affinities. For these experiments,
Hz0]'* and 2-hexanone™(= 2 x 10~® mbar), after 5 s, with continuous it was necessary to use compounds with a sufficient proton
ejection ofm'z 19. affinity, but with sufficiently high ionization energy so that the
100.0 4 charge transfer channel would not interfere with the proton
transfer channel. As for the previous series of experiments,

g alkene compounds could not be used. These two criteria
-‘g 10.0 - restricted the choice of neutral reagents available in this proton
g affinity range to a short list. The results are presented in Table
° 3.
T 104 ¢ [NH3, H,0I* 4 [CH,C(CH;)O"~HNH;'] One striking feature of this results table is the appearance,
& x NH,* © [2-Hexanone, NH,"] even for bases with a PA lower than the threshold for proton
o 2-Hexanone™m (2-Hexanone),H"* transfer, of a minor channel corresponding to the loss 0f*NH
0.1 ; : : ; .
0 2 4 6 8 10 Discussion

Reaction time (s) . .
Figure 2. Normalized relative intensities (semilog plot) of the ions Charge Transfer ReactlonS.The results, presented in Tables
observed for the reaction of [NiHH;0]** with 2-hexanoneR = 2 x 1 and 2, clearly indicate a threshold in the |IE of the neutral for
1078 mbar), with continuous ejection of#3*, as a function of time. the charge transfer to take place: charge transfer occurs for
2-pentanone (IE 9.38 eV) but not for benzenacetonitrile (IE 9.39

two successive ligand-switching reactions occur: eV). This could be interpreted in terms of a bracketing
experiment: the charge transfer is observed when the overall

[CH,=C(CH,)O", NH, ] + 2-hexanone— reaction is exothermic, and provided that no significant energy
[2-hexanone, lel*] (15) barrier exists, the nonoccurrence of charge transfer indicates

an endothermic reaction. But in order to validate this interpreta-
tion, one needs at first to answer three questions: what type of

[2-hexanone, N"Tr] + 2-hexanone~ charge transfer mechanism occurs, which are the species

(2-hexanongH™ (16) involved in this bracketing, and finally, could there be a
significant energy barrier?
Charge Transfer Reactions.To probe the CT channel, The charge transfer reaction rates, on the order »f8) 19

reactions of [NH, H,OJ]"* with a number of reference com- cm?® s molecule are much lower than the collision rate
pounds of known ionization energies were conducted. The aim constant (3.2x 10-° cm?® s~ molecule? for cyclobutanone).
was to undertake an ionization energy bracketing experiment, For a vertical charge transfer to occur, the neutral and the ionized
similar to the standard bracketing experiments used for the species are not required to interact through an intermediate
measurement of proton affinities. Only reagents with no alkene interacting complex, because long-range transfers would be
bond were chosen: early wdrknd currently unpublished work  possible. In those conditions, the rate constant could be higher
showed that alkene compounds react almost exclusively by than the collision rate. Thus, a reaction rate constant lower than
ligand-switching reactions even when other pathways could the collision rate constant is an indication that the charge transfer
exist. It was therefore of little interest to study the charge transfer takes place during the lifetime of an intermediate-tomolecule
mechanism on these compounds. In a first step, qualitative complex. By definition, an adiabatic charge transfer takes place
results were obtained by the use of pulsed gas introduction between the lowest vibrational and rotational state of the neutral
following the first protocol described above (Table 1). An  molecule and the lowest vibrational and rotational state of the
interesting reaction that is worth notice for this series of reactants ionized molecule, thusta 0 K temperature. In the instrument
is that of some halobenzenes and of bromoethylene: a channelised for this work, the reactions take place at 298 K; thus, both
is open that leads to a substitution of one halogen atom by the neutral and ionized molecules are thermally excited. Lias
NHz". Such reactions have been described both in the and Ausloos showet, by taking into account the various heat
photoionizatiod®4% and in the ioa-molecule reactiorfd42 of capacities, that as long as differences are considered, the
halobenzeneammonia clusters. enthalpy difference at a finite temperature for a charge transfer
Because as expected, the ionization energy (IE) of the reaction is approximately equal to the difference between the
reagents is a major criterion for the charge transfer mechanism,adiabatic ionization energies. Therefore, as long as the bracket-



Thermochemical Properties of AmmonrisVater lonized Dimer J. Phys. Chem. A, Vol. 109, No. 11, 2002609

TABLE 1: Occurrence (+) and Nonoccurrence () of Different Pathways for the Reaction of [NHs, H,O]** with a Series of
Compounds Pulsed into the Cell of an FT-ICR Mass Spectrometer

compound IE (e CT® PT® LSP HAP other fragmentatioris

bromobenzene 9.0@ 0.03 + - - -

1,2-dichlorobenzene 9.06 0.02 + - - - m/z128 (+ NHz**, —CI*, —H,0)
chlorobenzene 9.0Z 0.02 + - - — m/z93 (+NHz*, —ClI*, —H,0)
3,3-dimethyl-2-butanone 9.140.03 + - - -

fluorobenzene 9.26: 0.01 + - + -

3-methyl-2-pentanone 9.2 0.01 + - + -

benzene 9.243788 0.00007 + - + -

1,3,5-trifluorobenzene 94 0.1 - - + -

bromoethylene 9.82-0.03 - - + +d m/z 44 (+NHz**, —Br*, —H,0)

2 |onization energies from ref 34.Reaction channels described in the text: CT (charge transfer), PT (proton transfer), LS (ligand switching),
HA (hydrogen abstractiony.For the other major reaction products observed: measured mass (assumed neutral losses from the HMQ]NH
complex leading to the fragmentatiod)-ormation of NH*.

TABLE 2: Rate Constants and Branching Ratios of the Different Pathways Observed for the Reaction of [Nk H,O]** with a
Series of Compounds of lonization Energy in the 9.29.5-eV Range, Introduced at a Static Pressure into the Cell of an FT-ICR
Mass Spectrometer

exptl rate ) )
constant (crh branching ratios
compound IE (e stmolecule?) CT® PT® LSP HAP other fragmentatioris
cyclopentanone 9.26 0.01 7.2x 10710 75 m/'z72 (—C;Hs', —H,0) 25
5-methyl-2-hexanone 9.284 0.005 7.6x 10710 35 10 m/z75 (—C4Hs, —H20) 55
1,2-dimethoxyethane 980.1 3.2x 10710 <5 25 m/z58 (—CH3OH, —NH3;, —H0) 40;
Mz 75 (—CHz;OH, —H;0) 30
3-pentanone 9.3%0.02 1.1x 10° 100
1,3-difluorobenzene 9.38 0.02 1.1x 10°° 73 27
iodoethane 9.349- 0.001 9.8x 10710 60 7 33
cyclobutanone 9.35 0.01 6.3x 10710 51 21 m/z59 (—CyHy) 22
2-hexanone 9.35 0.06 1.3x 10°° 26 16 m/z75 (—CsHs, —H20) 58
2-pentanone 9.3& 0.06 5.7x 10710 43 41 m/z75 (—CH4 —H0) 16
phenylacetonitrile 9.3% 0.07 1.1x 1070 100
tetrahydrofuran 9.46- 0.02 6.1x 1070 34  m/z91 (—NHy) 40;mVz61 (—C;H4, —H,0) 14;
m/z42 12
2-fluoropyridine 9.4+ 0.1 1.5x107° 100
3-nitrotoluene 9.5£0.1 no reaction
benzaldehyde 9.56 0.08 6.7x 10710 60 m/z 125 (—NH") 40
diethyl ether 9.5 0.03 5.6x 10710 39  m/z93 (~NHy) 39;m/z 62 (—C;Hs", —H;0) 22

2 |onization energies from ref 34.Reaction channels described in the text: charge transfer (CT), proton transfer (PT), ligand switching (LS),
hydrogen abstraction (HAY.For the other major reaction products observed: measured mass (assumed neutral losses from the HVQ]NH
complex leading to the fragmentation), branching ratio.

TABLE 3: Rate Constants and Branching Ratios of the Different Pathways Observed for the Reaction of [Nk H,O]** with a
Series of Compounds of Proton Affinities in the 198-215 kcal mol* Range, Introduced at a Static Pressure into the Cell of an
FT-ICR Mass Spectrometer

exptl rate ) )
constant (crh branching ratios
compound PA (kcal mol) s molecule?) CT? PT2 LS HA2 other fragmentatioris

methyl propanoate 1984 1.2x 10° 75 m/z107 (—NHy") 25
methyl butanoate 1999 2.4x 10710 75 m/z 121 (—NH") 25
4-fluoroacetophenone 203.8 no reaction

(205.2)
1,2-dimethoxyethane 205.1 3.2x 1071 <5 25 m/z58 (—CHzOH, —NHs;, —H,0) 40;

m/z 75 (—CH;OH, —H,0) 30

N-methyl formamide 2059 7.1x 100 69 12 m/z 78 (—NH") 19

(203.5)
tert-butyl isocyanide 2084 100
2-fluoropyridine 211.0 1.5x 107° 100

aReaction channels described in the text: charge transfer (CT), proton transfer (PT), ligand switching (LS), hydrogen abstractiGoi(ihs).
other major reaction products observed: measured mass (assumed neutral losses from the BYORHcomplex leading to the fragmentation),
branching ratio¢ Proton affinities from ref 35¢ Remeasured proton affinities (this work, see discussion).

ing probes the lowest-energy channel for the charge transfer(Scheme 1), the first pathway is slightly more exothermic than
pathway, the measurement of an exothermicity threshold for the second one byHsq(NH3) which has been evaluated by
the charge transfer is approximately equivalent to the measure-high-level ab initio calculatiorfsat about—4.1 kcal mot? (0.18

ment of an adiabatic ionization energy threshold. eV). As the neutral molecules cannot be observed in the FT-
As indicated in eq 11, the CT reaction channel can lead to ICR mass spectrometer, there is no direct experimental proof
two different reaction products: formation of an [AHH.0] that the threshold observed is that for the formation of thegNH

neutral dimer or of two independent neutral moleculessNH H»0] neutral dimer. To answer this question, for which more
H,0. As described in the thermodynamic cycle for this system experimental evidence will be developed later, ab initio calcula-
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SCHEME 1 experiments alone to conclude the nonexistence of a significant
M + NH-" + H-O barrier on the charge transfer pathway. Once ag_ain, only the
_ 8 "2 agreement between the calculations and the experimental results
+ support the hypothesis that there is no barrier higher than the
M + [NHs, HZO]'+ AHso1v(NH3™) entry point on the charge transfer channel for this system,
although there is a considerable rearrangement. This can be
rationalized if one considers that, even if there is a complete
geometry change, these modifications only involve two species

RE(INH3, H0]") + IE(M)

MY+ NH; + H,0 linked by hydrogen bonds and not covalent bonds. Therefore,
v the net effect on the system energetics is rather limited.

N - AHgo1(NH3) A last issue is the presence of competing reaction channels.

M + [NH3, HyO] These channels put an experimental limitation on the detection

. . L of the nonoccurrence of a charge transfer reaction. If there were
tions of the various charge transfer exit points were performed p, competing reactions, a criterion for the nonoccurrence of a
(Table 4 and Figure 3), considering only the structures that Were o4 ction would be defined as the absence of any reaction product

found as the most stable ones in refs 1, 7, and 9. The variousyger 5 given time with a given reactant pressure. In the presence
levels of calculation that have been used (G3(MP2), CCSD- ot competing reactions, it is not always possible to reach these

(T)/aug-cc-pVTZ//MP2/6-31G**, and CCSD(T)/aug-cc-pVTZ// conditions, because a reaction occurring much more rapidly than

B3LYP/6-31G**) lead to consistent results for the various he charge transfer puts a limit on the time frame and pressure
structures, except for the vertical transition energies. The n46 for which the observation is feasible. This problem was
observed experimental threshold (9.38 eV) is in much better o ;myented through the use of reagents for which no major
agreement with the formation of the [NFHH,0] neutral dimer .,y h6ting reaction channels were expected, thus removing from
(9'34_,9'41 e,V dependmg on the method) than with the g jigt of reagents the alkenes for which the ligand-switching

formation of dissociated N¢aind HO (computed at 9.079.13 channel is known to be predominant. But removing all reagents

_eV). Thes_e r_emarks holc_i true W'.th'n. a system that d_oes_not for which no other competing reaction was observed would be
interact with its surroundings, which is a good approximation ., regtrictive: in the case of the current work, only 3-nitro-
for a short-lived intermediate complex in the low-pressure toluene could be considered a valid reagent.

conditions of an FT-ICR cell, where collisional relaxation of Within the limit inted out in the th . ints. it
the intermediate complex is limited. After dissociation of the Ithin the fimits pointed out in the three prévious points, |
intermediate complex, the neutral [NHH.O] dimer wil can be concluded that these experiments lead to a measurement
: : . ' L f the adiabatic recombination energy of the ammeniater
eventually itself dissociate, because the low binding energy of °' . . 2
y ' 9 9y ionized dimer. A last point to consider is that the IEs of reference

this complex cannot compensate for the entropy gain. X e .
The last point goes to the basis of bracketing experiments neutral compounds are known with very dlffermg accuracies.
If one looks at the reference compounds for which the IE is

used for the measurement of thermochemical data: the bracket- : -
ing is significant only if there is no energy barrier associated to known with ac.(iur_at_e precision and that closely bra_lcket the RE
the measured transfer, because the only observed parameter i f [NHs, HO]", it Is can be sSeen that the |E of |odoe.t+hane
the occurrence or nonoccurrence of the reaction. The occurrenc -349+ 0.001 ?V) is a lower limit for the RE of [Nh 0T

of a reaction indicates an exothermic reaction, but the nonoc- On the upper side, the IE of T.TF (9.400.02 eV) is an upper
currence can indicate either an endothermic reaction or an energ)}'m't for the RE ole\_lI—b, HzO]". From thes_e two limits, the
barrier higher than the entry point on the way to the reaction RE of [_NH3’ HZO_] is measured for the first time by these
products. For proton transfer reactions, it is generally assumedbra‘_:ket'ng gxpgnments at9.38 & 0'04 ev. )

that the proton transfer barriers are small and well below the ~ Finally, itis of interest to compare this experimental RE value,
interaction energy of the intermediate complex. Bracketing considered as the opposite of the adiabatic IE of the neutral
methods are standard methods for the measurement of protorsolvated dimer to the IE value of NHwhich is 10.07 eV
affinities in the gas phase when one of the neutrals is not readily Solvation by a water molecule reduces the ionization energy
available in the gas pha¥end the results agree well with those by 0.69 eV. This can be related to the neutral and ionized
from other methods. The literature is much less abundant for @mmonia solvation energies: according to SchemAHso-

the measurement of ionization energies by bracketing experi- (NHz™") — AHso(NH3) = —15.9 kcal mot™. This value is a
ments?—47 A generally accepted requirement for these mea- Measurement of the improved stabilization of a charged species
surements is that there is no significant barrier as long as thePy water as compared to the neutral species. Unfortunately, at
charge transfer does not induce a major reorganization of theleéast one experimental value would be necessary to relate the
geometry of the molecules. Unfortunately, this is not the case result of this measurement to the heat of formation ofsNH

for the ammonia-water dimer where the water and ammonia H20 or to that of NH* + H20, but we are not aware of any
molecules rotate between the neutral and ionized structureseXperimental measurement of the solvation energies of ammonia.
(Figure 3a,b). An indication for the presence of a barrier for ~ Proton Transfer Reactions.As the charge transfer pathway
charge transfer could be observed by varying the natures of thehas been probed by neutrals of varying IE, the proton transfer
species between which the charge transfer takes place: if areactions have been probed by a set of bases of different proton
barrier was present, its level would depend on the chemical affinities. An initial examination of the data presented in Table
nature of the compounds involved in the charge transfer, 3, using the tabulated PA vali#&showed a discrepancy: proton
possibly leading to a discrepancy in the bracketing measurementtransfer was not observed for the reaction with 4-fluoroac-
The different chemical functions used for this bracketing etophenone (PA 205.2 kcal md), whereas it was observed
experiment (ketones, ethers, nitriles) indicate a similar value with 1,2-dimethoxyethane (PA 205.1 kcal m§l and N-

for the bracketing of the recombination energy, but because theremethylformamide (PA 203.2 kcal mdl), which present a lower

are only a few reference bases with similar chemical functions proton affinity. This led us to question the published PA values
close to the threshold, it is not possible on the basis of the for two of these speciedN¢(methylformamide and 4-fluoro-
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TABLE 4: ab Initio Calculation Energies for the Different Charge Transfer and Proton Transfer Reactant and Product
Species, Computed Both on MP2/6-31G** and B3LYP/6-31G** Optimized Structures

MP2/6-31G** geometry B3LYP/6-31G** geometry
G3(MP2) CCSD(T)/aug-cc-pVTZ CCSD(T)/aug-cc-pVTZ
E AEok AHaggx AGgggk E AEok AHaggx E AEok
species (Hartrees) (eV)? (kcal morY)P (kcal mor%)®  (Hartrees) (eV)? (kcal mol?)®P (Hartrees) (eVv)y?
[NH3, HO]** —132.458761  0.00 0.0 0.0 —132.488224 0.00 0.0 —132.487461 0.00
[NH3, H.O] (verticaly  —132.765880 —8.36 —132.802406 —8.55 —132.795424 —8.36
[NH3, H.O] —132.802098 —9.34 —132.833350 —9.39 —132.833300 —9.41
[NH3, H,O]** (verticalf —132.383401  2.05 —132.412431 2.06 —132.413087 2.02
NHs + H,0O —132.791953 —9.07 —132.822861 —9.11 —132.822825 —9.13
[NHz, H,0] + H* —132.116948 205.3 196.7 —132.146688 205.3 —132.146450
[NH3, OH] + H* —132.108485 214.4 207.8 —132.138691 213.9 —132.138608
NHz* + H,O + H* —132.112686 208.8 194.8 —132.142156 208.8 —132.142084
OH+ NH3 + H* —132.096594 220.1 206.4 —132.126123 220.1 —132.126078
NHz" + H,O —132.421777 1.01 22.3 15.1 —132.449979 1.04 23.1 —132.449905

aRelative to [NH, H,O]*", these values correspond to the recombination energy for relevant tranditRelstive to [NH, H,O]"*, these values
are directly related to the proton affinity and gas-phase basicity s¢a\esitral energy computed on the optimized [)\NH,O]'t geometries.
dlonized energy computed on the optimized neutral §NH,O] geometries.

proton affinities are revised fod-methylformamide (GB 198.4
kcal mol, PA 205.9 kcal moit) and for 4-fluoroacetophenone
(GB 196.7 kcal mot!, PA 203.8 kcal mot?).

These revised proton affinity values give a consistent result
for the proton transfer pathway: the threshold for the proton
transfer channel occurs for bases with a PA between 203.8 and
205.1 kcal mott. As for the charge transfer pathway, the first
problem is to determine the neutral reaction products, as four
reaction products could be formed: [MHH,O], [NH3, OH],

NH,* + H,O, or NH; + OH°. The examination of the bond
dissociation energies (BDESYor the loss of Mfor NH; (BDE
= 108.7 kcal mot?) and for HO (BDE = 119.3 kcal mot?)
clearly indicate that, for the nonsolvated neutrals, the thermo-
Figure 3. Ab initio molecular-orbital optimized structures (at the MP2/ dynamically most favorable pathway is the formation of ANH
g'?’olﬁf* IevNe|I_|cff wtaothzor)gHof tgadlr%grf. a, [NHH:OJ; tb [NHs, + H,0. The authors are not aware of any data on the solvation
201" € INHz, HoOJ; d, [NHs, OH. (Distances in angstroms.) energy of the Nkt radical by water or of the O+radical by
GB ammonia. Nevertheless, the formation of a hydrogen bond
A keal mol”! between two neutral species is usually in the range-&§ Rcal
mol~1, which is much less than the difference between the
HCONHCH; formation of NH* and OH. It is therefore likely that either
}o{ [NH2*, H20] or NHz* + H,0 is formed by the proton transfer

o5 A 1984 (196.2)

reaction.

The observation of a pathway which proceeds through a loss
13 of NH_* for neutrals for which the PA is slightly lower than the
O proton transfer threshold (e.g., methyl propanoate, methyl
F‘@% butanoate, diethyl ether) also supports this result: ;°Nisl
L 1967 (197.8) o} probably formed in an intermediate complex which possess
W enough energy to undergo the proton transfer reaction from
NH3** to the neutral base, but not enough energy to completely
dissociate. It is not possible to conclude whether this threshold
Figure 4, Experim?ntal relative gaS'Phase basicities betwblen Corresponds to the formation of the [Nl-HZO] solvated radical
methylformamide, diisopropyl ether, diisopropyl ketone, and 4-fluo- 1 the complete dissociation to MH- H,0. The calculation
roacetophenone. Arrows indicate relative GB as measured by the results (Table 4) shed some light on this point: according to

equilibrium method. The GB of the reference bases are in bold font; ) . 4 . .
the reevaluated GB is followed by the previous value in italics. (Error these, if the reaction led to full dissociation, the reaction should

A 1979
2.0

0.4 ‘

196.3

margin is+0.2 kcal mot?.) not occur with bases of PA lower than 208.8 kcal mol
Because proton transfer is observedNemethylformamide and
acetophenone). The gas-phase basicities (GB}-wfethylfor- 1,2-dimethoxyethane, it seems possible that the proton transfer

mamide and 4-fluoroacetophenone relative to two reference ends up with the formation of a water-solvated Nirhadical.
bases, diisopropyl ether (GB 197.9 kcal migpland diisopropy! As for the formation of the waterammonia dimer, in the
ketone (GB 196.3 kcal mol) were therefore measured in the thermal conditions of the experiment, it is likely that the dimer
FT-ICR instrument by the standard equilibrium meti&dhe will eventually dissociate in a longer time frame. Therefore,
measurements yielded the consistent relative gas-phase basicityhe observed threshold is probably a measurement of the proton
ladder presented in Figure 4, which shows that, contrary to the affinity of the [NH,*, H,O] dimer, evaluated at 2044 0.9
tabulated valuesy-methylformamide is more basic than 4-fluo- kcal mol®. This result is also in good agreement with the
roacetophenone. As a consequence, the gas-phase basicities arldeoretical PA of 205.3 kcal mot.
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SCHEME 2
B+ NH;" + Hy,0

AHgo(NH3™)

B + [NHj, HZO]'+‘

PA(B) - PA(NH,’
PA(B) (B) (NHy)
- PA([NH,’, H,0]) | BH" + NH, + H,0O

L A (NHy)
BH" + [NHy, HyO]

Solvation of the NH* radical by water leads to a 19.6 kcal
mol~? increase in proton affinity, from 184.8 to 204.4 kcal
mol~1, which can be interpreted in terms of differences in

Abdel Azeim and van der Rest

and proton transfer pathways. For both channels, there appears
to be a threshold dependence on the ionization energy and proton
affinity of the neutral reagents. Under some assumptions about
the structure of the neutral reaction products, the thermochemical
properties of [NH, H,OJ't can be determined from these
measurements. The charge transfer threshold is directly related
to the recombination energy of the [NHH,O]** dimer, which

is, therefore, evaluated at9.38 + 0.04 eV. The observed
decrease of the ionization energy of ammonia in the solvated
dimer (—-0.69 eV,—15.9 kcal mot?) is a measurement of the
difference in solvation energies between the neutral and the
ionized ammoniawater complexes. These results are supported
by ab initio molecular-orbital calculations, which yield close
results for these two values. The thermochemical value actually
measured by the proton transfer threshold is less obvious.
Correspondence between the experimental and calculated results

solvation energies (Scheme 2) If one now considers that in theindicate that the threshold could be relative to the formation of
case of the charge transfer the ionization energy was decrease#e [NH', H-O] solvated radical. As in the case of charge

by only 15.9 kcal mot?, it is obvious that these two measure-
ments do not measure only the ionized ammonia solvation

transfer, the observed increase in the proton affinityl 4.6
kcal mol1) is a measurement of the difference in solvation

energy. The proton transfer measurement indicates that theenergies between ionized ammonia and the;Niddical. A

ionized ammonia solvation energy is at least 19.6 kcal ol

combination of these results show that the ionized ammonia

therefore, these two experimental results demonstrate that, insolvation energy is at least 19.6 kcal mbland that the
the case of the charge transfer, some energy is gained by thelifference between the solvation energies of:N&hd NH; is

elimination of a bound [Nkl H,O] neutral dimer.

Under the hypothesis that a neutral radical dimer is formed,
this 19.6 kcal mot! difference in energy represents the

about 3 kcal moil. The G3(MP2) calculations lead to values
close to these resultsAHso(NHz*) = —22.3 kcal mot?,
AHgo(NH3) = —6.2 kcal mot?l, AHgNHy) = —3.5 kcal

difference between radical and protonated solvation energies™0l ' But the measurement of one of these values would be

(Scheme 2): AHso(NHz") — AHson(NH2") = —19.6 kceal

needed to determine absolute solvation energies for all of these

mol~1; as for the charge transfer measurement, it does not leadSPecIes.

to a measurement of the solvation energy of ionized ammonia.

Itis of interest to compare these experimental values to those

The comparison between the value obtained for charge transferobtained* for the ionized water dimer radical cation {B),"*.
and that for proton transfer makes it obvious that the stabilization In this case, the most stable structure is the dissymmets©H

of NH* by water is about 3 kcal mot less than that of Nl
This is to be expected, because Nkt an electron-deficient

OH], but it lies close in energy to the symmetric"32c dimer
structure. The measurement of the recombination energy of the

species less prone to be an electron donor in a hydrogen bondonized water dimer (10.81 eV) and an estimate of the proton

than NH.

Competition between Charge/Proton Transfer and Other
Reaction Pathways.The examination of Tables 1 and 2 shows

transfer threshold (187.4 kcal md) both indicate that the
interaction energy in the water dimer is on the order of- 4
kcal molL. This is about twice the strength of the interaction

that for most neutrals other reactions compete with the chargeobserved for the [Nkl H.O]"" dimer. This difference can be
transfer reaction. One can observe an evolution as the |Ecompared to the empirical relationship established by McMahon
increases and the branching ratio for the charge transfer pathwayor the interaction between proton-bound dimers bound by
decreases: this indicates that the charge transfer pathwayoxygen atom® (AHpgp = —125+ Y/5|AP; — AP,|kJ mol™?):
becomes less exothermic and therefore less competitive againsthe system is better stabilized when the affinity for the proton
other pathways. No general trend can be derived, becausds comparable for both moieties of the dimer. A similar trend

most neutrals in the IE range under consideration differ
widely in their chemical properties. This trend is even more
pronounced for the proton transfer reaction: for bases with

strong PAs, the only reaction observed is the proton transfer,

whereas for bases with a low PA; Hbstraction is the major
channel.

The decrease of the ionization energy for the dimer has
consequences for the reactivity: for instance, it was obséfved
that the charge transfer pathway, which is the only reaction
product for the reaction of Nt with butanal (IE 9.82 e¥),
does not occur at all for the [NgiH.O]**" dimer. It is replaced
by H* transfer and a solvated McLafferty-type fragmentation
(FR). Solvation therefore modulates the reactivity of the ionized
ammonia by opening new reaction channels.

Conclusion

In the present work, two aspects of the reactivity of the §NH

could exist for radical cation dimers: when both moieties are
close in ionization energies, the charge is shared evenly between
both. In a system with differing ionization energies for both
constituents of the ionized dimer, the charge is more strongly
localized on the molecule with the lowest IE. This leads to a
lower stabilization energy for the system.

Finally, one should point out that this study has only drawn
a partial picture of the complex reactivity of the ionized
ammonia dimer: from the experimental results, it is obvious
that charge and proton transfer channels are only a part of the
various competing channels. Some of the other channels present
a common initial development, which halts before complete
dissociation is reached because of a lack of sufficient internal
energy. This is, for instance, the case of the,Nblss pathway,
which is clearly related to neutrals possessing a PA slightly
below the threshold for proton transfer. Nevertheless, other
reaction products, such as the fragmentation of linear or cyclic
ethers, cannot be rationalized so easily. Further work will focus

H,O]** radical cation have been studied: the charge transfer on these unusual reaction pathways.
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