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Figure 2. ESR spectrum of CH;AIH formed after 120-min photolysis
of Al atoms at 368 nm (8 nm fwhm) in neat methane at 12 K. Stick
diagrams indicate the position of the aluminum hyperfine components
associated with the three principal g tensor axes, of which g, and g; are
nearly coincident. Inserts show examples of superhyperfine splitting due
to 3C and ?H nuclei in *CH, and CD, matrices, respectively. Lines due
to aluminum atoms remaining after photolysis are marked with an as-
terisk. Note also the presence of lines due to CHj radicals present on
depostion and trace amounts of H atoms formed during photolysis.

formed from traces of O, impurity present on deposition and do
not increase in intensity during any of the subsequent photolysis.
No evidence for hydrogen atoms or AIH was seen on deposition
in the ESR and IR spectra, respectively, which confirms that CH,
is not being formed by an H atom abstraction by Al atoms.
Photolysis at 368 or 305 nm resulted in the disappearance of the
Al atom lines, while those associated with a product were seen
to grow in (Figure 2). The product spectrum corresponds to that
of an orthorhombic molecule, displaying single aluminum atom
hyperfine and single proton superhyperfine splittings. Spectra
recorded after photolysis of Al atoms in CD, and '*CH, matrices
showed superhyperfine splittings due to one *H and one *C nu-
cleus, respectively (Figure 2 inserts), thereby identifying the
product as methyl aluminum hydride, CH;AIH. The nonlinear
geometry of this molecule is evident from the appearance of a
1:2:2:1 deuterium superhyperfine splitting (SHFS) pattern on g,
and g; Al hyperfine lines (Figure 2, middle insert). This pattern
arises from two overlapping 1:1:1 deuterium SHFS patterns of
the g, and g; Al hyperfine components. If the product were axial,
one would expect a single 1:1:1 triplet pattern. Broad-band
photolysis above 400 nm caused the CH3;AIH ESR lines to dis-
appear with a corresponding growth of Al atoms. Recovery yields
of Al atoms were similar to those of UV-visible studies (vide infra),
being greater than 80%.

These results indicate that a thermally-induced ground-state
reaction of Al atoms with methane does not occur to any ap-
preciable extent and that an efficient and reversible photochemical
reaction, Al + CH, = CH;AIH, is the only significant reaction
pathway involving methane in this system under atomic Al con-
ditions. Tt is conceivable that CH,AIH arises from a photoac-
tivated ground-state reaction, in which the barrier for the A1(*P)
+ CH, reaction is surmounted by electronic to vibrational energy
transfer from the photolytically generated Al(*S) state to methane.
This is anticipated as the Al(*S) + CH, interaction is likely to
be repulsive.” We suggest that the previously reported ground-
state reaction-product IR spectrum! is probably due to either
reaction of methane with an aluminum oxide impurity or an
extraneous reaction occurring in the furnace during sample
preparation. A complete study of this system, including detailed
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analysis of the electronic, vibrational, and ESR spectra of the
various isotopically substituted product molecules will be reported
in a forthcoming paper.

Note Added in Proof: Recent results show that Al atoms occupy
two distinct sites in methane, with UV absorptions at 368, 310,
and 303 nm (major site) and 348, 308, and 295 nm (minor site).
Narrow band photolysis (8 nm fwhm) of Al atoms at either 368
or 348 nm gives rise to CH;AlIH in different sites as manifest by
two separately occurring Al-H stretching mode frequencies at
1746 or 1764 cm™ and by the observation of small shifts in the
ESR spectral line positions. Wide band photolysis (20 nm fwhm)
at either 305 or 368 nm causes simultaneous reaction of Al in both
sites.
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In recent years there has been an interest in organic ion pairs
as reactive intermediates in photochemical reactions.! One
difficulty encountered in mechanistic investigations is determining
the energetics of ion pairs and how the energetics are influenced
by the medium. Although the Rehm-Weller equation® has been
useful for estimating the energetics of organic ion pairs in polar
solvents, there is no general method that can be employed to
determine the energetics of organic ion pairs in nonpolar solvents
or in ionic media where specific salt interactions may occur.® This
is due in part to the lack of experimental data relating to medium
effects upon organic ion pair energetics. In this report, we present
the application of time-resolved photoacoustic calorimetry as a
method for determining the effect of the medium upon ion pair
energetics. Specifically, we examine the energetics of the ion pair
formed in the photochemical reduction of benzophenone (Bz) by
1,4-diazabicyclo[2.2.2]octane (DABCO) and how the energetics
are affected by the presence of added salts.

Laser excitation of benzophenone in the presence of DABCO,
in acetonitrile, results first in the rapid formation (<25 ps) of the
solvent-separated ion pair, SSIP, by electron transfer, and then
collapse (~ 100 ps) to the amine contact ion pair, ACIP, Scheme
1% In ethanol, hydrogen bonding of the SSIP prevents the collapse
to the ACIP.® In the presence of alkali metal cations, Li* and
Na*, rapid ion pair exchange occurs in acetonitrile to form the
alkali metal contact ion pair, MCIP.% At high alkali metal salt
concentrations (>0.1 M), the ratio of MCIP to ACIP is large
(>10).5

The solvent and salt dependence for the ion pair energetics was
determined by time-resolved photoacoustic calorimetry.”” The
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Table I. Heats of Reaction of the Photoreduction of Benzophenone
by DABCO*

solvent added salt AH,.b keal/mol
acetonitrile none 52.0
LiC10, 46.7
NaClO, 477
(n-Bu),NCIO, 520
ethanol none 48.5

2337-nm excitation, ~0.2 OD, 0.1 M DABCO, 0.5 M salt, 298 K.
®Values 1.0 kcal/mol, AH, is the enthalpy difference between the
corresponding ion pair and initial reactants.

AH,, Table I, is determined by deconvolution of the photoacoustic
waveform obtained from photolysis of the sample. The standard
employed as the transducer wave was ferrocene.” The AH, values
measured in acetonitrile correspond to the energy of the ACIP
without added alkali metal salts and the MCIP with added alkali
metal salts.’® The energy of the hydrogen bonded ion pair is given
by AH, in ethanol.!!

The energies of the ion pairs in acetonitrile are ordered, E(Li*)
< E(Na*) < E((#n-Bu),N*) =~ E(no salt), Table I. The lower
energies of the Na* and Li* ion pairs are not due to an increase
in ionic strength but rather to specific ionic interactions because
the addition of the nonassociating salt (n-Bu),NCIO, did not lower
the energy of the ACIP.!> The difference of only 1 kcal/mol in
the ion pair energies for Li* and Na* is somewhat surprising since
normally Li* is considered to bind more strongly, via Coulombic
attraction, than Na* due to the smaller ionic radius of Li*.
However, the 1 kcal/mol does not reflect the absolute difference
in binding between the two cations with the radical anion of
benzophenone. Rather, these measurements reflect only the
difference in binding energies of the cation with the organic anion
and the solvent, acetonitrile.

The free energy change, AG, from ground-state reactants to
the ACIP, can be estimated from the Rehm~Weller equation,?

AG = 23.06(E, ;> - E, %) - &/ (er)

where E, ,° is the oxidation potential of DABCO, El/zmd is the
reduction potential of benzophenone, ¢ is the dielectric constant
of the medium, and r is the encounter distance of the ion pair.
Redox potentials of DABCO and benzophenone were measured
in acetonitrile,'® and the difference, E%* — E™d = 2.47 eV, is in

(9) The volume change for a photochemical reaction, AV, may contribute
to the observed acoustic wave. In this case, the negative AV of reaction would
give a seemingly large value for AH,. However, the volume change in organic
solvents should not significantly increase the acoustic signal so the stated
enthalpies should be an upper limit.

(10) The equilibrium structure of the perchlorate alkali metal salts in
acetonitrile is the solvent-separated ion pair.® Consequently, the enthalpy
contribution to unpair the ions is believed to be small.

(11) On the time scale of the laser experiment, ~ | us, decay of the ion
pairs is slow and consequently does not contribute significantly to the overall
enthalpy or reaction. However, deconvolution of the waveforms can be per-
formed to account for this slow decay.” The decays of the ACIP and the Na*
and Li* ion pairs in acetonitrile are approximately 15, 20, and 30 us, re-
spectively.

(12) The lack of increased stabilization of the ACIP with the addition of
(n-Bu),ClO, may be anticipated from the absence of any significant salt effect
on solvolysis rates in acetonitrile, i.e., small 5 value.*

(13) Cyclic voltammogram parameters at 298 K: ca. 10 M Bz, 10° M
DABCO, 0.2 M TBABF, in CH,;CN, vs. Ag/AgNO, (0.1 M), TBABF, (0.5
M). Sweep rate from 50 to | V/s.
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accord with literature values.'* By use of this difference, ¢ =
37.5% and r = 2.9 A,'® the above equation gives AG =~ 54
kcal/mol. The calculated and experimental heats of reaction are
in good agreement if the entropy of formation of the ion pair is
small.'” Similarly, in ethanol, using £ ~ E™ = 2.17 eV from
literature redox potentials,'® AG =~ 50 kcal/mol which agrees well
with the experimental value."

The resonable agreement between the calculated and experi-
mental values suggests that the term e?/(er) is small and, in
particular, that ¢ is large. Consequently, the argument that the
macroscopic dielectric constant at large » decreases to the square
of the index of refraction as r becomes small appears invalid when
applied to the above Rehm-Weller equation.?®

In summary, quantitative measurements of the stabilizing effect
of alkali metals and the consequent driving force for the formation
of the MCIP in the photoreduction of benzophenone have been
determined by photoacoustic calorimetry. In addition, the ex-
perimental enthalpies support the use of the Rehm-Weller
equation to estimate the ion pair energies of the ACIP.
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bonds to biological systems' as well as to industrially important
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