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Abstract: We have used crossed seeded nozzle beams to study the reaction of a neutral acid and a neutral base to produce
the separated ions of a salt. Two acids were used: CF;COOH and trifluoropentanedione (TFPD). Three bases were used:
tri-n-butylamine, tri-n-propylamine, and tetrakis(dimethylamino)ethylene (TDMAE). In all cases the cross section rises rapidly
as a function of relative translational energy. The observed thresholds are about 0.9 eV above the thermodynamic thresholds.
The cross sections appear insensitive to vibrational energy in the base. In the case of TDMAE, however, the protonated base
ion fragments, and the amount of the fragmentation depends on the vibrational energy in the TDMAE. 1n the case of CF;,COOH
the cross section depends on the nozzle temperature of the acid because CF;COOH dimerizes, and both monomer and dimer
react. Similar effects are observed for TFPD; either the reactive cross section depends strongly on vibrational energy in the
TFPD or we are seeing the reactions of both the keto and eenol forms of TFPD.

The reaction of an acid and a base to produce a salt is surely
one of the oldest known chemical reactjons. It is also one of the
most fundamental since the concepts involved have been broadened
by Brensted and later by Lewis to include a large fraction of
Chemistry. Here we use crossed molecular beams to study the
detailed dynamics of proton transfer from an acid to a base

HA + B— A" + HB* n

where HA is the acid and B is the base, an amine. Ultimately,
we want to know how the chemical bonds are broken and made,
where in the reactants the energy must be put for maximum
effectiveness, and where it gogs in the products.! It is difficult
to get this kind of information by using conventional chemical
kinetics. The use of molecular beams, however, enables greater
control and selection of the reactant energies and states and
provides more information about the products. In a static gas,
the distribution of velocities follows a broad Maxwell-Boltzmann
distribution that is dependent on only one parameter, the tem-
perature, and this can be varied only over a narrow range. In
contrast, the velocity distribution in a seeded nozzle beam is quite
narrow and can be varied over a wide range.2 Furthermore, we
can separately control the vibrational and translational distribu-
tions in a nozzle beam and thereby determine which type of energy
is effective in promoting the reaction. This separation cannot be
done in a gas at thermal equilibrium.

We have previously carried out this type of experiment on two
other types of reaction: the abstraction of a halide ion by SbF;?

SbFs + RX — SbF.X~ + R* (2)
and the transfer of an electron to a neutral electrophile?
A+B—A+B* 3)

In the case of reaction 2 the reactive cross sections rise rapidly
as a function of relative translational energy above the threshold.
The cross sections do not appear to depend on the vibrational
energy in RX. In the case of reaction 3 we observed similar
behavior at low energies but found that, at high energies, the cross
section decreases rapidly as the translational energy increases but
rises as the vibrational energy increases. This behavior is consistent
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with a model where the reaction takes place on two potential-
energy surfaces, one covalent corresponding to the reactants, and
one ionic corresponding to the products. At high energies the
electron does not have the time to jump between the reactants,
and the cross section decreases as the translational energy in-
creases. The positions and coupling matrix elements depend on
vibrational coordinates, and so the cross section depends on the
vibrational energy. Reaction | offers several advantages over the
others. Here we can make use of the extensive tabulations of
absolute, gas-phase acidities and basicities measured by ICR (ion
cyclotron resonance) and other techniques® to choose reactions
and to calculate the thermodynamic thresholds. In the case of
reaction 2 there are no gas-phase data, and in the case of reaction
3 the data are neither extensive nor accurate. Furthermore, we
often have a greater range of beam conditions available for reaction
| than in the other cases.

Experimental Section

The experimental procedure has been described in detail in several
previous publications.3%¢  Briefly, two seeded, supersonic beams are
crossed at 90° or at 135° in a large vacuum chamber. The chemiioni-
zation reaction takes place in the center of the chamber inside a cage
made of nickel grid. The ions are extracted by an electric field, mass
selected by a quadrupole mass filter, and then detected by a Channeltron
electron multiplier. By reversing the electric fields we can detect both
positive and negative ion products. A filament is mounted just above the
beam intersection region. When heated, it gives off a beam of electrons
that ionize the beams. We can thus measure the relative intensities of
the two beams under a variety of beam conditions.

The nozzle beams are prepared by bubbling the carrier gas (He, H,,
or a mixture of 60% He and 40% H,) through the liquid reactant. The
amount of the reactant is determined by the vapor pressure. The gas is
then filtered to remove droplets and passed into the Pyrex nozzle. The
nozzle is 40-80 um in diameter. The nozzle assembly can be heated up
t0 400 °C. The beam is then collimated by a skimmer 1-2 mm in
diameter. The vibrational energy of each beam is controlled by varying
the nozzle temperature. The relative translational energy is varied by
changing the two nozzle temperatures, by changing the carrier gases, and
by changing the beam intersection angle. The reactive cross section is
then given by

chl = prod/(”AnBUrel) (4)

where I, is the product intensity, n, and ng are the number densities
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Figure 1. The relative cross section (in arbitrary units) for the reaction
of tri-n-butylamine with CF;COOH vs the relative translational energy.
The top panel shows the data for a 90° beam intersection angle and the
bottom panel the data for a 135° intersection angle. Two carrier gases
are used: a mixture of 60% He and 40% H, (0) and H, (X). The
relative translational energy is varied by changing the temperature of the
nozzle for the amine beam. The beam for CF;COOH is seeded in H,
at 296 °C for the 90° case and is seeded in He at 289 °C for the 135°
case.

of the two beams, and v, is the relative velocity. We cannot determine
the absolute #’s, but we can get the relative values and can therefore get
the relative Q as a function of the beam conditions.

Results

Figure 1 shows the relative cross section as a function of relative
translational energy for the reaction of trifluoroacetic acid with
tri-n-butylamine

CF,COOH + NBu, — CF,COO" + HNBuy,*  (5)

The top panel shows the results for a beam intersection angle of
90° and the bottom panel the results for 135°. As the beam
intersection angle increases, more of the beam energy goes into
the relative kinetic energy that is available for the reaction and
less goes into the energy of the center of mass that is not available
for reaction. The energy is varied by changing the temperature
of the NBu, nozzle. Two carrier gases are used: a mixture of
60% He and 40% H, (O) and H, (X). Roughly, the nozzle
expansion accelerates the reactant seed gas up to the velocity of
the carrier gas. There are corrections to this, which we use in
calculating the energies.2 Therefore, to get a given relative
translational energy using He we need a much higher nozzle
temperature than to get the same energy using H,. As the nozzle
temperature is increased, both the vibrational temperature and
the translational energy of the seed gas increase. We assume that
rotational cooling is quite efficient in the nozzle expansion so that
the rotational energy is quite low. There is probably some vi-
brational cooling as well, but we deliberately use low Mach
numbers (5~10) in the nozzle expansion to limit to amount of
vibrational cooling. It is obvious from the figure that the data
for the two carrier gases overlap, and therefore vibrational energy
in the reactants plays little or no role in the reaction.

There are two extreme, limiting models for the role of vibra-
tional energy. In one case, a certain amount of vibrational energy
is absolutely required for the reaction—it cannot be replaced by
translational energy. In this case, a simple model calculation’
shows that the cross section should be proportional to an Ar-
rhenius-type factor with the required vibrational energy as the
activation energy and the nozzle temperature as the temperature.

(7) Cross, R. J. Chem. Phys. Letts. 1979, 62, 469.
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Figure 2. The cross section for the reaction of tri-n-propylamine with
CF;COOH. See Figure 1 for details.

This type of behavior predicts a very large, exponential rise in
the cross section with nozzle temperature and therefore a large
dependence on the type of carrier gas. This is clearly not consistent
with our data. At the other extreme, we can assume that vi-
brational and translational energies are freely interchangeable.
In this case we expect a much smaller effect—one that we cannot
readily distinguish in the data. Although we have many vibrational
modes in the reactants (18 in CF;COOH and 114 in NBu,) and
therefore can put up to 1 eV into vibration, the critical bonds and
modes contain only thermal energies.

The arrow gives the thermodynamic threshold for the reaction
as obtained from accurate ICR data on absolute, gas-phase
acidities and basicities.’ The dynamic threshold appears to be
higher than that by 0.9 ¢V. There are three possible reasons for
this. A classical trajectory exactly at the threshold may involve
vibrational energy in one or more modes, and we have only a
negligible part of the beam with the required amount of vibrational
energy in these modes. There may be some dynamic reason why
the system cannot react at the threshold such as an activation
barrier or some other peculiarity of the surface. Finally, the
threshold law may be decidedly nonlinear. Since our extrapolation
to obtain the threshold is basically linear, we may obtain the wrong
value. For example, if the cross section rises exponentially above
the threshold, our cross sections might be fully compatible with
the thermodynamic threshold although the extrapolated threshold
will not be.

The second explanation is probably not true. Although the
overall reaction is strongly endoergic, the potential-energy surface
(PES) goes through a deep well corresponding to an ion pair bound
together by the Coulomb attraction. The reaction is probably
exoergic to the bottom of the well. It is certainly strongly exoergic
in solution where the ion products are solvated. According to
Hammond’s postulate any barrier should be in the entrance valley
of the PES and thus requires translational not vibrational energy
to get over it. Furthermore, our previous studies® on the angular
and energy distributions of the products from the reaction of HI
with NBu, showed that the reaction proceeds just above threshold
by way of a modified stripping process. The acid and base suffer
a grazing collision during which the proton is transferred, and
the products recede, slowed by the Coulomb attraction. In this
case it is unlikely that there is any fancy structure in the PES
affecting the reaction. A combination of the first and third effects
is most likely.

Figure 2 shows the cross section for the reaction of CF;COOH
with tri-n-propylamine. It is very similar the case of butylamine
as it should be. Figure 3 shows the cross section for the reaction
of CF;COOQH with tetrakis(dimethylamino)ethylene (TDMAE)
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Figure 3. The cross section for the reaction of tetrakis(dimethyl-
amino)ethylene (TDMAE) with CF;COOH. Two cation products are
formed, and the data show the sum of the two intensities.
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Figure 4. The fraction of the products of the reaction of TDMAE with
CF,COOH that form fragment ions as a function of relative translational
energy at the 135° beam intersection angle.

[(CH,);N],C=C[N(CHj),},. The absolute basicity of TDMAE
is unknown, but the data suggest that it is a stronger base than
NBuj; or NPr;. In the case of TDMAE we see an additional effect
in the reaction. The protonated TDMAE product decomposes
by the elimination of dimethylamine. We see both the parent and
daughter ions. The data in Figure 3 show the sum of the two
intensities. As before, the cross section depends strongly on
translational energy, and vibrational energy makes little or no
contribution. In Figure 4 we plot the fraction of the cations that
are the fragment vs. the translational energy. As before, the
translational energy is varied by changing the temperature of the
TDMAE nozzle. Now we see a large effect of vibrational energy.
Fragmentation is much more likely for the mixture than for H,.
Remember that, at a given relative translational energy, He carrier
gas has the higher vibrational temperature. The vibrational energy
in the beam can be obtained very roughly by using an approximate
vibrational heat capacity® and integrating this over temperature.
In Figure 5 the same data are reploted as a function of E,, +
1/,E,». We see that the amount of fragmentation is determined
by both relative translational and vibrational energies. A plot of
the fragmentation fraction vs E,, + E,; shows a dependence on
the type of carrier gas, but now the points for H; lie above those

(8) Bennewitz, K.; Rossner, W. Z. Phys. Chem. 1938, B39, 126. Dobratz,
C. ). Ind. Eng. Chem. 1941, 33, 759.
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Figure 5. The data from Figure 4 are plotted as a function of Ey, +
1/,E, to show the effect of vibrational energy on the fragmentation
process.

for the mixture. The data show that translational energy is very
roughly twice as effective as vibrational energy in promoting
fragmentation.

The data can be explained quite simply. The initial proton
transfer occurs rapidly, in a few picoseconds. The reaction is
governed by relative translational energy. Vibrational energy in
the TDMAE is distributed randomly among its 108 vibrational
modes and is largely or completely unavailable to participate in
the reaction. If the reaction occurred by way of a long-lived
complex lasting many tens of picoseconds, we would expect
equilibration between translation and vibration, and this does not
appear to be the case. After the proton transfer almost all the
initial vibrational energy and some of the initial translational
energy are deposited in the protonated TDMAE product ion.
Some time later (nanoseconds or microseconds) this ion decom-
poses, if possible, by a straightforward unimolecular decay by
breaking its weakest bond. Clearly, adding vibrational energy
to the TDMAE will enhance the fragmentation, since this energy
remains in the cation.

These data are consistent with our earlier results on halide
abstraction by SbF;. In the reaction with pivaloyl chloride®

SbF, + (CH;);CCOCI — SbF,CI- + (CH,),COO* —
SbF,CI" + (CH;),C* + CO (6)

we found that the cross section for total ion formation depends
only on translational energy, but that the fraction of fragment
ions depends exclusively on vibrational energy. In the case of
phenylacetyl chloride?

SbF, + C¢HsCH,COCI — SbF,CI- + C¢H,CH,CO* —
SbFCI" + C4H,CH,* + CO (7)

we found that the fraction of product ions depends on both
translational and vibrational energy. The overall mechanism
appears to be the same in all three cases. They differ only in how
much of the initial translational energy is deposited in the cation
product. If the reaction cross section is large, the reaction will
take place at large impact parameters, and little translational
energy will be put into the products. If the cross section is smaller,
the collision takes place at smaller impact parameters—a harder
collision, and more energy goes into vibration of the products.

In all of the above experiments the CF;COOH was seeded in
H, or He and kept above 270 °C. Figure 6 shows the cross section
as a function of relative translational energy, where the transla-
tional energy is varied by changing the temperature of the
CF,COOH nozzle rather than the nozzle for the base. The
behavior is very different. The cross section appears to drop rapidly
as the energy increases and then rises again at higher energies.
Furthermore, the cross section depends strongly on the type of
carrier gas. This strange behavior is simply explained by the fact
that CF,COOH, like all carboxylic acids, forms a dimer in the
gas phase. Each proton forms a hydrogen bond with the carbonyl
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Figure 6. The relative cross section for the reaction of TDMAE and
CF,COOH vs relative translational energy. The translational energy is
varied by changing the nozzle temperature of the CF;COOH.
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Figure 7. The cross section for the reaction of TDMAE and (CF;COO-
H), vs relative translational energy (calculated for the dimer). The
CF3;COOH nozzle is kept at 20 °C to ensure that the beam composition
is mostly dimers.

oxygen on the other molecule to form a dimer with an eight-
membered ring. The equilibrium constant has been measured as
a function of temperature.” Energy favors the dimer, but entropy
favors the monomer. Under our beam conditions the beam is
mostly dimers at 20 °C and almost all monomers by 300 °C. Both
species react with roughly equal cross sections and roughly equal
threshold energies. However, the dimer has twice the mass of
the monomer so that, under the same beam conditions, the dimer
has roughly twice the kinetic energy of the monomer. Therefore,
at monomer energies below the threshold, we can see the reaction
of the dimer. The apparent cross section decreases at low energies
because the amount of dimer decreases as the nozzle temperature
is raised. The cross section rises again at high energies because
there is almost no dimer left, and the reaction cross section for
the monomer rises with energy. The cross section depends strongly
on the type of carrier gas because the dimer fraction depends on
nozzle temperature not on the translational energy. To get a given
translational energy we need a higher nozzle temperature for the
mixture than for H,. This gives less dimer and therefore a lower
signal intensity.

We can see both the cation product and the anion products of
the reaction. The monomer clearly gives only CF,CO,™. At low
energies the dimer gives (CF;COOHOOCCF;)™ as expected.
However, the intensity of this peak drops more rapidly that we
would expect if this were the only product of the dimer reaction.
Our data indicate that, as the energy rises, the dimer product
dissociates to give CF;CO,™ and CF;COOH. Unfortunately, we
cannot distinguish CF,CO,™ from the dimer reaction from the

(9) Taylor, M. D.; Templeman, M. B. J. Am. Chem. Soc. 1956, 78, 2950.

J. Am. Chem. Soc., Vol. 112, No. 10, 1990 3777

[o] X
<] X
]
Q
3 x
a
e x
"
(&) X
x
T
- X
o
o ° 8
iQ " — | i L
6.0 7.0 8.0
Etr (eV)

Figure 8. The cross section for TDMAE and trifluoropentanedione
(TFPD) vs relative translational energy. The data show the sum of the
intensities of the two cation products. The energy is varied by changing
the temperature of the TDMAE beam while keeping the nozzle for
TFPD at 308 °C.
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Figure 9. The fraction of the produet ions that form fragments in the
reaction of TDMAE and TFPD.

same product obtained directly from the monomer reaction.

Figure 7 shows the cross section for the dimer reaction as a
function of the relative translational energy. The CF;COOH is
kept at 20 °C to ensure that it is mostly dimer. There is still a
small amount of dimer present at 20 °C, but its kinetic energy
is well below the threshold for reaction, so it does not interfere
with the dimer reaction. The threshold energies of the monomer
and dimer reactions are similar as are the magnitudes of the cross
sections. The difference in the thermodynamic thresholds is the
difference in binding energies of the neutral and ionized CF,C-
OOH to the neutral molecule, and this is apparently less than the
uncertainty of our energy (£0.4 eV). We might expect that the
dimer would have the larger cross section since it has two protons,
but both are tied up in hydrogen bonds, and this might decrease
their availability somewhat.

We then wused the acid trifluoropentanedione
([CF;COCH,COCH,], TFPD) with the idea that it does not
dimerize as readily as carboxylic acids due to the intramolecular
hydrogen bonding. The molecule is acidic because removal of
one of the two central hydrogens creates an anion with the charge
distributed on both carbonyl oxygens; however, the acidity is less
than that of CF;COOH. Figure 8 shows the cross section of
TFPD and TDMAE. The translational energy is varied by
changing the nozzle temperature of the TDMAE. Again, the
cation product fragments. The data in Figure 8 show the sum
of the intensities of both products. The data are very similar to
those of the previous cases. The cross section is determined
predominantly or exclusively by relative translational energy.
Figure 9 shows the fraction of the fragment product vs relative
translational energy. The data for the three carrier gases nearly
overlap, which means that vibrational energy in the TDMAE has
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Figure 10. The cross section for the reaction of TDMAE and TFPD vs
relative translational energy. The energy is varied by changing the
temperature of the TFPD nozzle. The points designated + use He as a
carrier gas.

little effect on the fragmentation. Unlike the case of CF;COOH,
the fragmentation is determined largely by translational energy.
A likely explanation is that the reaction with TFPD takes place
at smaller impact parameters than the reaction with CF;,COOH
because it is more endothermic, and therefore a harder collision
is needed. If this is true, then one would expect that more of the
translational energy in the reactants would be deposited into
vibrational energy of the products.

Figure 10 shows the cross section for total ion formation as a
function of translational energy, but now the translational energy
is varied by changing the nozzle temperature for TFPD. We see
a clear difference in cross section for the different carrier gases.
This would appear to indicate that the cross section is strongly
enhanced by vibrational energy in the acid. This may well be the
case. However, there is also another explanation. TFPD exists
as three isomers: a keto form [CF;COCH,COCH;] and two enol
forms [CF,COH=CHCOCH;] and [CF;COCH=COHCH;).
Usually, the enol form of a ketone is present only in very small
amounts, although it is known to be involved in many reactions.
Here, however, the enol is stabilized by hydrogen bonding to the
other carbonyl and, in one case, to the fluorines. The equilibrium
constant has been measured:'® the enol forms are favored at low
temperatures and the keto form at high temperatures. Our results
can then be interpreted by assuming that the keto form is more
reactive than the enol forms, and thus the apparent cross section
rises with the temperature of the TFPD. The difference in re-
activity is a dynamic phenomenon not an energetic one. All three
isomers give the same anion. Since there is only a small difference
in energy between the isomers, AH for the different reactions must
be very close. In the keto form there are two acidic hydrogens.
In the enol forms there is only one: the OH hydrogen which,
however, is part of a hydrogen bond and may be more difficult
to remove in a fast collision. Finally, Figure 11 shows the fraction
of the cation fragments as a function of the translational energy,
where the translational energy is varied by changing the tem-
perature of the TFPD. Vibrational energy in the acid appears
to have no effect on the fragmentation of the cation product. This
result is not unexpected if our model of a fast proton transfer is
correct.

Discussion

We have used crossed seeded nozzle beams to study the cross
section versus energy of several reactions involving neutral acids
and neutral bases to form the ions of a salt. All our data are
consistent with a simple model that the proton transfer is a rapid
process that takes place in a grazing collision. The two product
ions are then slowed down by their mutual Coulomb attraction.

(10) Burdett, J. L.; Rogers, M. T. J. Am. Chem. Soc. 1964, 86, 2105.
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Figure 11. The percentage of fragment ions for the reaction of TFPD
and TDMAE vs relative translational energy. The energy is varied by
changing the nozzle temperature of the TFPD.

The cross sections all rise rapidly above a threshold as functions
of the relative translational energy. They appear to be insensitive
to vibrational energy in the base and are likely to be insensitive
to vibrational energy in the acid, although our data are not as clear
on this point. Although we can put up to | eV into vibrational
energy, it is distributed among a Jarge number of normal modes
so that very little is likely to be found in the critical mode or modes
that might contribute to reaction. A complete test of the effect
of vibrational energy would require specific excitation of one or
two modes. This type of experiment would be quite difficult for
our systems. With the large number of degrees of freedom, any
appreciable amount of excitation in one mode would be rapidly
dissipated throughout the molecule by intramolecular vibrational
relaxation (IVR), which is known to occur on a picosecond time
scale. In all cases the measured reaction threshold appears higher
by ~0.9 eV than the thermodynamic threshold obtained by in-
dependent studies (usually ICR). This difference may indicate
that vibrational energy is important near threshold. It may also
be the result of an incorrect extrapolation of our data to find the
threshold. If, for example, the true cross section rises exponentially
above threshold, a linear extrapolation will give a value that is
too high.

In the case of TDMAE the cation product can fragment by
the elimination of dimethylamine. The amount of fragmentation
depends on the vibrational energy in the TDMAE and also on
the translational energy. The fragmentation occurs on a much
longer time scale than the proton transfer and seems to be a case
of unimolecular decay. If there is sufficient vibrational energy
in the product, it will break the weakest bond. This result shows
that our beams do, indeed, have vibrational energy, and that much
of this vibrational energy is left in the cation product after the
proton is abstracted.

In the case of CF;COOH we can see reaction of both the
monomer and the dimer. The threshold energies and the energy
dependence of the cross sections are very similar. In the case of
trifluoropentanedione the reaction cross section rises rapidly with
the nozzle temperature. This may show a very sensitive depen-
dence on vibrational energy, or it may be due to the equilibrium
between keto and enol forms of the acid. Thermodynamics favors
the enol form at low temperatures, but the equilibrium shifts
toward the keto form as the temperature is raised. With only one
acidic proton which is tied up in a hydrogen bond, the enol form
is likely to be less reactive than the keto form.
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