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Figure 6. SERS excitation profile for dielectric coated silver
sphere in water with radial ratios ¢ = 0.5 and coating dielectric
constant (1) 1.77 (water), (2) 1 (air), (3) 3.06, (4) 4.0, and (5) 11.6.
Raman shift is 1010 em™. Raman dipoles form a monolayer on
the Ag surface.

Figure 6 depicts the SERS excitation profiles for such
dielectric-coated Ag spheres in water with ¢ = 0.5 and
coating dielectric constants m,? = 1, 3.06, 4.0, and 11.6.5!
In this case the Raman dipoles have been located at the
interface between the silver core and the dielectric
coating. There is a fivefold increase in the peak en-
hancement and a shift of the peak to longer wavelengths
as mo? increases from 1.77 (pure silver in water) to 4.0.

(51) M. Kerker and D.-S. Wang, Chem. Phys. Lett., 104, 516 (1984),

Further increases in m,? result in continued wavelength
shift of the peak enhancement but not its magnitude.
The excitation profile also depends sensitively upon the
thickness of the dielectric layer as well as the actual
distribution of the dipoles within the layer.5!

Concluding Remarks

The classical electromagnetic model of colloid optics
which is extended here to encompass SERS is able to
account for the major experimental features of that
phenomena. The electromagnetic field near a small
metal particle is strongly enhanced at frequencies for
which the incident radiation excites resonant surface
plasmons within the particle. SERS occurs because of
the coupling of the excitation of a Raman active mol-
ecule by this incident field with a similar resonance
which occurs upon reradiation at the Raman shifted
frequency.

The perturbation of electromagnetic fields near the
surfaces of small particles is a sufficiently general
phenomenon to affect other optical processes. Indeed,
the methods of this Account may be extended to in-
clude four-wave mixing,5%% coherent anti-Stokes Raman
scattering (CARS),* and double resonance at dielectric
surfaces.%
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Interest in the molecular motions associated with
reactions in solution has sparked a rapid growth in the
application of picosecond laser technology to the study
of organic photochemical systems. Frequently, fast
photochemical dynamics are discussed in terms of a
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“diffusion-controlled” regime.! Resulting in part from
the limitations of various experimental techniques,
there has developed, unfortunately, a common tendency
to describe reaction dynamics in terms of diffusional
properties, completely ignoring the question of coupling
of molecular motions between reacting and solvent
molecules. Since nanosecond flash photolysis is unable
to resolve photochemical events faster than the rates
associated with the diffusion of reactants in solution,
this technique cannot be used to elucidate the molecular
dynamics that occur once the reactive species have
formed an “encounter pair”. Picosecond techniques,
however, offer the time resolution needed to study the

tAlfred P. Sloan Fellow and Camille and Henry Dreyfus Teacher-
Scholar.
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“microdynamics™? of the reaction process.

Several important intermolecular reactions (electron,?
proton,* and hydride®) and intramolecular reactions
(isomerization® and photodissociation’) have been the
subject of numerous picosecond studies. With more
organic processes being scrutinized on the picosecond
time scale, increasing attention is being paid to the role
of solvent motion and its influence on reactions. Asa
result, for a variety of organic photochemical reactions,
the “diffusion-controlled” models are being replaced by
new molecular pictures incorporating solvation dynam-
ics. Although these models are simplistic in their scope,
one must remember that they represent the beginning
of our unravelling of the molecular aspects of chemical
processes. Complimenting statistical mechanics and
kinetic theory,® which are developing new molecular
models of rate processes, picosecond spectroscopy has
the potential to play a major role in enhancing our
understanding of reaction dynamics in solution.

In this Account, we will focus on several areas of
organic molecular photochemistry. Our goal is to em-
phasize the unique contribution picosecond studies have
made to our overall understanding of reaction dynamics
on the molecular level. It is not within the scope of this
treatment to address the technological aspects of the
field. This has been done adequately by several re-
searchers, and the reader is referred to the literature
for a discussion of experimental details.?

Photoisomerization: What Comprises the
Barrier to Rotation?

One of the most intensely studied photochemical
reaction has been the cis-trans isomerization of
trans-stilbene. Though many aspects of the isomeri-

(2) Robinson, G. W.; Jalenak, W. A., preprint, Alexandris meeting on
Photochemistry and Photobiology, 1983.
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J. Chem. Phys. 1982, 76, 3553. (g) Velsko, S. P.; Waldeck, D. H.; Fleming,
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zation process were elucidated prior to picosecond laser
studies,! several important questions relating to the
energy barrier to isomerization and the coupling of
solvent motion to the reaction coordinate remained
unanswered.

The picosecond laser studies of Hochstrasser and
co-workers® < have contributed much to our under-
standing of the excited-state dynamics of trans-stilbene
in solution. Excitation of trans-stilbene dissolved in
benzene by an 8-ps pulse at 265 nm produced a strong
transient absorption with a maximum at 585 nm.
Successive absorption spectra recorded at 12, 28, and
53 ps after photolysis revealed a narrowing in the ab-
sorption band profile with an exponential time constant
of 25 ps. In addition, the intensity of the transient
absorption decays with an exponential time constant
of 90 £ 5 ps. The transient absorption band was as-
signed to an 'S, < !B transition. The 90-ps decay was
attributed to the formation of an intermediate twisted
about the ethylenic double bond. In addition, the
narrowing of the absorption band was proposed to re-
sult from vibrational relaxation within the first excited
singlet state. It is reasonable to postulate that during
the 25 ps in which trans-stilbene is vibrationally hot,
an increased rate of isomerization could be observed.
This would be manifested in a nonexponential decay
of the transient absorption; however, the data presented
are found to correspond to a single exponential time
decay of 90 ps. Thus, it appears that the excess vi-
brational energy does not find its way into the active
torsional mode responsible for isomerization.

The magnitude of the barrier to excited-state isom-
erization of trans-stilbene has been the subject of gas,
solution, and molecular beam studies. The rate of
isomerization is found to be independent of excitation
wavelength in solution. However, in the gas-phase ex-
citation at 262 nm (8000 cm™! excess energy) and 287
nm (5200 cm™) results in an excited-state lifetime of
15 and 55 ps, respectively,® while excitation of the 0,0
band leads to a lifetime of 1.6 ns. From these data, the
barrier to isomerization was placed between 1000 and
2000 cm™. More recently, Zewail and co-workers have
measured an intrinsic barrier of 1200 cm™ by using
picosecond excitation of jet-cooled collision-free
trans-stilbene.5®

The Effect of Solvent on Isomerization
Barriers

As a molecule undergoes isometization in solution, it
will experience forces that are absent in the gas phase.
First, one must consider that the intrinsic intramolec-
ular barrier will be modified by static interactions with
solvent molecules.!! However, even more important
is the dynamic interaction between the isomerizing
molecule and the surrounding solvent molecules. In
order to analyze these reactions using transition-state
theory, one assumes that each crossing of the barrier
top leads to product formation.!> However, “collisional
buffeting”'® may effect repeated barrier crossings prior
to the ultimate formation of product. Depending on
the microdynamics of the isomerization process, the rate

(10) Saltiel, J.; D’Agostino, J.; Megarity, E. O.; Metts, L.; Neuberger,
K. R.; Wrighton, M.; Zafiriou, O. Org. Photochem. 1973, 3, 1.
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of product formation could be substantially less than
that predicted by transition-state theory.

Currently, the standard theoretical framework used
to interpret isomerization dynamics is based upon the
work of Kramers.* Using the steady-state Fokker—
Plank equation to describe the motion of a particle
across the barrier in the presence of friction, Kramers
derived the following rate equation

k= w./wgr, {[1 + Qugr,)?Y? -1} exp(-E,/RT)

where w, is the frequency of the reactant well, wg is the
curvature at the barrier top, 7, is the velocity relaxation
time of the reaction coordinate, and E, is the activation
energy. The friction experienced by the molecule as it
passes through the region near the top of the barrier
is assumed to be linearly related to the velocity relax-
ation time.® Furthermore, with use of hydrodynamics
to model the friction, the reciprocal of the velocity re-
laxation time is set proportional to the bulk solvent
viscosity.®8 A comparison of the rate derived from
transition-state theory to that calculated by using
Kramers’ approach enables one to examine the dynamic
interaction between the solvent and isomerizing mole-
cule.

For calculation of the rate according to transition-
state theory, the magnitude of the intrinsic barrier must
be determined. An elegant experimental method by
which one can determine the barrier height was de-
veloped by Fleming and co-workers.5® The rate of
isomerization was modeled according to the equation

k = F(n) exp(-E,/RT)

where E is the intrinsic barrier to isomerization and
only F(5), the preexponential factor, contains the vis-
cosity dependence. The key to the analysis lies in the
determination of E, Fleming demonstrated®™™ that one
could determine the magnitude of the barrier by ex-
aming the temperature dependence of the isomerization
rate at constant viscosity. For diphenylbutadiene, the
“isoviscosity plots” yielded an activation energy of 4.7
+ 0.5 kcal/mol; this value is less than that measured
by a normal Arrenhnius approach, E, = 5.6 kcal/mol
in hexane. Using the determined intrinsic barrier, it
was possible to correlate the preexponential factor, F(n),
as a function of viscosity and compare these results to
those predicted by Kramers.

Many important conclusions were derived from these
studies. Specificly, for both diphenylbutadiene and
3,3’-diethyloxadicarbocyanine iodide (DODCI), the
Arrehnius activation energies derive a significant con-
tribution from the solvent viscosity. For diphenyl-
butadiene in linear alkane solvents and DODCI in linear
alcohol solvents, the preexpotential factor is not well
characterized by Kramers’ theory using a hydrodynamic
model for the friction. Similar results have recently
been reported for stilbene.’® This perhaps surprising
result supports the recent proposal that a frequency-
dependent friction must be taken into account as the
bulk viscosity (zero frequency component) may not
adequately describe the friction felt by the isomerizing
molecule.’d Consequently, further picosecond investi-
gations as well as theoretical studies are needed before
we can fully understand the molecular dynamics of
isomerization in solution.

(14) Kramers, H. A. Physica (Amsterdam) 1970, 7, 284.
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Photochemistry of Diazo and Azo Compounds

Diazo and azo compounds provide convenient routes
for the photogeneration of carbenes and diradicals. The
dynamics and physical properties of these reactive in-
termediates have attracted both experimental and
theoretical interest.l® Although significant advances
have been made in the determination of ground-state
spin configurations, our understanding of the dynamics
of these molecules has been hampered by an inability
to resolve the details of the photodissociation event.
Using nanosecond flash photolysis, one finds that the
photoelimination of nitrogen (as well as any intersystem
crossing dynamics in the resulting diradical or carbene)
occurs within the time resolution of the experiment.
Through a combination of picosecond absorption and
fluorescence, the spin dynamics and photodissociative
pathways of a wide variety of diazo compounds have
now been elucidated. These rate data have significantly
enhanced our understanding of the differences in the
reactivities of the singlet and triplet states of the re-
sulting carbenes.

In the field of carbene chemistry the major research
efforts have focussed on fluorenylidene (I)™ and di-
phenylmethylene (II).”® Picosecond studies have re-
vealed that although these two carbenes are similar in
structure, their reactivity and spin dynamics vary sig-
nificantly.

CaE

I II

Photolysis of the diazo precursors to I and II results
in efficient formation of carbenes and nitrogen. On the
picosecond time scale, emission is observed when di-
phenyldiazomethane is photolyzed at 266 nm. From
time-resolved fluorescence quenching experiments,
Eisenthal and co-workers have demonstrated that the
emission is derived from the excited triplet carbene.™
This conclusion indicates that two competitive disso-
ciative pathways are available to the excited diazo
compound (Scheme I). Furthermore, the reactivity of
the excited triplet carbene was found to be similar to
that of singlet diphenylcarbene, preferentially attacking
the O-H bond rather than the C-H bonds of alcohols.™
Picosecond laser-induced fluorescene™ was used to
determine the rate of intersystem crossing from the
initially formed singlet carbene to the ground-state

(15) (a) Bender, C. F.; Schaefer, H. F., II1 J. Am. Chem. Soc. 1970, 92,
4984. (b) Latham, W. A.; Hehre, W. J.; Curtis, L. A.; Pople, J. A. Ibid.
1971, 93, 6377. (c) Hay, P. J.; Hunt, W. J.; Goddard, W. A,, Il Chem.
Phys. Lett. 1972, 13, 30. (d) Dewar, M. J. S.; Haddon, R. C.; Wiener, P.
K. J. Chem. Soc. 1974, 96, 253. (e) Harding, L. B.; Goddard, W. A., III
Chem. Phys. Lett. 1978, 55, 217. (f) Shih, S. K.; Peyerimhoff, S. D.;
Buenker, R. J.; Peric, M. Ibid. 55, 206. (g) Laufer, A. H.; Okabe, H. J.
Am. Chem. Soc. 1971, 93, 4137. (h) Closs, G. L.; Robinaw, B. E. Ibid.
1976, 98, 8190.
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triplet carbene, k&, = (9.1 & 1) X 10° s.. This rate,
combined with the rate of carbene quenching by
methanol, enabled the determination of the singlet—
triplet splitting. In acetonitrile, the energy gap between
the singlet and triplet carbene is 5.1 & 1 kcal/mol. This
value is sensitive to the solvent.™d

Photolysis of 9-diazofluorene in acetonitrile results
in the formation of triplet fluorenylidene with a first-
order rise time of 280 £ 90 ps.™ Similar behavior is
observed in other solvents, although slight variations
in rise time are observed. As triplet fluorenylidene is
not formed instantaneously subsequent to photolysis,
two reasonable precursors can be proposed: singlet
fluorenylidene and triplet 9-diazofluorene. Unlike di-
phenyldiazomethane, the precursor to triplet fluore-
nylidene has not unambiguously been determined.
However, recent chemical and spectroscopic evidence
presented by Schuster and co-workers supports the
intermediacy of singlet fluorenylidene.™ The observed
rise time of triplet fluorenylidene would then corre-
spond to the intersystem crossing rate from singlet to
triplet fluorenylidene, k,; = 2.5 X 10° 571, in acetonitrile.
This rate is a factor of 4 slower than that observed for
diphenylcarbene. In addition (through quenching
studies) Schuster has determined that the singlet—
triplet splitting in fluorenylidene is at most 1.1 kcal/
mol.™ In comparison to diphenylcarbene, this would
result in a 150-fold difference in the equilibrium pop-
ulation of the respective singlet carbenes, explaining in
part the observed enhanced reactivity of fluorenylidene
with a variety of compounds.

Rentzepis and co-workers have examined the forma-
tion of substituted trimethylenemethanes (from III and
IV).2b These studies suggest that the photoelimination

AN

N
N==N
111 v

of nitrogen from the excited azo molecule is a concerted
process unlike the stepwise dissociation proposed for
their thermal reactions. Intersystem crossing rates as
well as reaction rates for various quenchers were exam-
ined.

Endoperoxides

Evidence supporting the adiabaticity of the photo-
dissociation of oxygen from endoperoxides of anthra-
cene has largely rested on the detection of chemilu-
minescence from singlet oxygen.!® Using picosecond
spectroscopy to directly observe the primary photo-
fragments following excitation of the endoperoxide of
1,4-dimethyl-9,10-diphenylanthracene, Eisenthal and
co-workers observed efficient formation of excited 1,4~
dimethyl-9,10-diphenylanthracene and singlet oxygen
within 5 ps of excitation.”® These results directly
verified that the photoelimination is an adiabatic pro-
cess. In addition, thermodynamic arguments conclu-
sively showed that singlet oxygen could not be formed
in the '2*, state and hence must be formed in the 'A%,
state. Rise time data under varing conditions indicate
that the photoelimination of oxygen might be a stepwise

(16) Wasserman, H. H.; Scharrer, J. R.; Cooper, J. L. J. Am. Chem.
Soc. 1972, 94, 4991.
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process, although this question has not been definitely
answered.™®

Ion-Pair Dynamics

Ion pairs are frequently invoked as intermediates in
organic reactions.!” Recent studies of the reactions of
ketones have indicated that single electron transfer and
hence ion-pair formation may play an important role
in Wittig,'® Grignard,'® hydride,® and condensation re-
action. However, due to the fast rate of electron-
transfer processes, the microdynamics of the subsequent
ion pairs are difficult to study. The remainder of this
Account will focus on our studies in these and related
areas.

Several types of ion pairs can exist in solution. The
two most common ion pairs are the contact ion pair and
solvent-separated ion pair. Ion-pair aggragation has also
been observed, but this topic is beyond the scope of our
discussion.!” There has been extensive spectroscopic
work aimed at elucidating the thermodynamic prop-
erties of various ion-pair forms.?! Reaction rates, as
well as overall product distributions, are sensitive to the
particular ion-pair structures involved.?? However,
despite the wealth of information that has been ob-
tained on these intermediates, the dynamics and solvent
effects upon the rates of interconversion between var-
ious ion-pair forms in solution have remained virtually
unstudied. Picosecond technology can be used to ex-
amine these important processes.

Before we can adequately address the effect of solvent
and counterions on ion-pair reactions, it is necessary to
choose and characterize a given reaction that involves
ion-pair intermediates. For this purpose we examined
the photoreduction of benzophenone by aromatic
amines. From nanosecond quenching studies, Cohen,?
Davidson,?* and Wagner? proposed that the reaction
proceeds by rapid formation of a charge-transfer com-
plex, followed by proton transfer to give the ketyl and
amine radicals. Using N,N-diethylaniline as a quencher,
Magata and co-workers® observed formation of the
benzophenone radical anion on the picosecond time
scale in acetonitrile. In benzene, ketyl radical formation
was also observed, substantiating the proposed mech-
anism. Despite the depth of our understanding of this
reaction, prior to our picosecond studies several sig-
nificant questions remained unanswered. It was not
known whether a specific spatial relationship between
the ketone and amine is necessary for electron transfer
to occur. The relative contributions of first or second
solvent shell electron transfer had not been addressed.
In addition, assuming electron transfer did occur from
outside the first solvent sphere, the question of whether
contact ion-pair formation is necessary prior to proton

(17) Swarc, M., Ed. “Ions and Ion Pairs in Organic Reactions”; Wiley:
New York; 1972, Vol. 1; 1974, Vol. 2.

398(’;S) Olah, G. A,; Krichnamurthy, V. V. J. Am. Chem. Soc. 1982, 104,
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(20) Ashby, E. C.; Argyropoulos, J. N.; Meyer, G. R.; Goel, A. B. J. Am.

Chem. Soc. 1982, 104, 6788,

(21) (a) Hogen-Esch, T. E.; Smid, J. J. Am. Chem. Soc. 1966, 88, 307.
(b) Hogen-Esch, T. E.; Smid, J. Ibid. 19686, 88, 318. (¢) Smid, J. Angew.
Chem., Int. Ed. Engl. 1972, 11, 112.

(22) Warhurst, E.; Whittaker, R. Trans. Faraday Soc. 1968, 62, 707.

(23) Cohen, S. G.; Parola, A.; Parsons, G. H., Jr. Chem. Rev. 1973, 73,
141(.24) Davidson, R. S.; Lamberth, P. F. J. Chem. Soc. D 1968, 511.

(25) Wagner, P. J. Top. Curr. Chem. 1976, 66, 1.

(26) Arimitsu, S.; Masuhara, J.; Mataga, N. Tsubomura, J. J. Phys.
Chem 1975, 79, 1255.
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transfer remained unanswered.

Photoreduction of benzophenone by 1.0 M diethyl-
aniline in acetonitrile results in complete electron
transfer within 25 ps to form the radical anion of ben-
zophenone with an absorption maximum of 720 nm.
From 25 to 400 ps following photolysis, we observed a
shift in absorption maximum from 720 to 690 nm.#¥ In
order to ascertain the source of the time-dependent
hypsochromic shift, we examined the corresponding
intramolecular system 4-(p-(dimethylamino)benzyl)-
benzophenone, V7 (DMABB). For this molecule, the

i l
40¢ N"\
Vv

photostimulated electron transfer results in the for-
mation of a charge-transfer intermediate that is anal-
ogous to the intermolecular solvent-separated ion pair.
The methylene bridge prevents collapse to the corre-
sponding contact ion pair. Photolysis of DMABB in
acetonitrile results in rapid electron transfer (<20 ps)
to form the radical anion with an absorption maximum
of 720 nm. Unlike the intermolecular system, no shift
in absorption maximum is observed.?? These studies
suggest that the spectral shift observed for the inter-
molecular system must correspond to reorganization of
the ion pair on the molecular level. Based on equilib-
rium studies of benzophenone-amine ion pairs, we
concluded that the hypsochromic shift arises from the
formation of a contact ion pair from the initially formed
ion-pair structure. However, from our experiments, we
cannot determine the geometry of the primary ion pair.
It is possible that the 720-nm absorption band could
arise from either a structure in which a solvent molecule
separates the two ions (solvent-separated) or a non-
contact structure in which the diethyaniline radical
cation and benzophenone radical anion are cosolvated
but must undergo rotational diffusion to attain the
equilibrium contact ion-pair geometry.

Two important conclusions resulted from these
studies. First, as the energetically more stable ion pair,
the contact ion pair, is not initially formed in aceto-
nitrile, the electron transfer must occur over distances
larger that the van der Waals’ contact distance. There
have been several recent reports supporting electron-
transfer distances up to 15 A.?% Second, the proton
transfer is observed to occur only after contact ion pair
formation; thus, proton transfer occurs only over short
distances in these systems.

Dynamics of Hydrogen Bond Formation

The distribution among ion-pair forms is sensitive to
the donor and acceptor properties of the solvent. Al-
cohols are found to favor formation of solvent-separated
ion pairs by virtue of their ability to both hydrogen
bond to anions and donate electrons to cations.3! In

(27) Simon, J. D.; Peters, K. S. J. Am. Chem. Soc. 1981, 103, 6403.

(28) (a) Simon, J. D.; Peters, K. S. J. Am. Chem. Soc. 1982, 104, 6142.
(b) Massahura, H.; Maeda, Y.; Nakajo, H.; Mataga, N.; Tomita, K.; Ta-
temitsu, H.; Sakata, V.; Misumi, W. Ibid. 1981, 103, 634.

(29) Rehm, D.; Weller, A. Isr. J. Chem. 1970, 8, 259.

(30) (a) Kuhn, H. Pure Appl. Chem. 1979, 51, 341. (b) Miller, J. R.
J. Chem. Phys. 1972, 56, 5173. (c) Seefeld, K. P.; Mobius, D.; Kuhn, H.
Chim. Acta 1977, 60, 2608,

(31) Gutman, V. “The Donor Acceptor Approach to Molecular
Interaction”; Plenum Press: New York, 1978.
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Figure 1. Time evolution of the absorption maximum of the
radical anion of benzophenone in ethanol and ethanol-acetonitrile
mixtures: ¢, neat ethanol: v, 10 M ethanol (for ¢ > 800 ps, the
absorption bands are broader to the red relative to neat ethanol);
@, 5 M ethanol; 0, 2 M ethanol; v, 1 M ethanol. Insert: transient
absorption spectra of the radical anion of benzophenone: A,
contact ion pair with the diethylaniline radical cation in aceto-
nitrile; B, the hydrogen-bonded radical anion in neat ethanol.

order to probe the molecular dynamics of solvation in
protic media, we studied the photolysis of benzo-
phenone and diethylaniline in ethanol and ethanol-
acetonitrile mixtures.3?

Photolysis of benzophenone-diethylaniline in neat
ethanol resulted in immediate formation of a contact
ion pair, Ap,; = 690 nm. The initial formation of a
contact ion pair in ethanol, as opposed to the solvent-
separated ion pair observed in acetonitrile, was attrib-
uted to photolysis of a ground-state complex between
the amine and ketone in the alcoholic solvent.?? How-
ever, between 50 and 300 ps following photolysis, the
radical anion absorption band shifts from 690 to 625
nm. No further shifting is observed from 300 ps to 50
ns following photolysis. The band at 625 nm has pre-
viously been assigned to the hydrogen-bonded benzo-
phenone radical anion.® Thus, the dynamics entail the
disruption of the contact ion pair by solvent molecules
to form the thermodynamically more stable hydrogen-
bonded ion. In order to elucidate a molecular picture
for the solvation dynamics, we determined the rate of
hydrogen bond formation in acetonitrile—ethanol mix-
ture. The results are shown graphically in Figure 1.
Deconvolution of the absorption data revealed that the
process was second order in ethanol monomer concen-
tration, with a termolecular rate constant of (4.7 &+ 0.5)
% 108 mol2¢71.%2 Studies with 2,2,2-trifluoroethanol also
revealed the importance of monomer alcohol in the
separation process. The intermolecular rate constant
reveals that two molecules of ethanol are involved in
the separation of the contact ion pair. Presumably one
ethanol hydrogen bonds to the anion while the second
ethanol stabilizes the cation. The thermodynamic
barrier to hydrogen bond formation was examined
through temperature studies. No enthalpy of activation
was found, AH* = 1.0 & 1.0 kcal/mol; the rate of sep-

(32) Simon, J. D.; Peters, K. S. J. Am. Chem. Soc. 1982, 104, 6542.
(33) Porter, G.; Wilkenson, F. Trans. Faraday Soc. 1961, 57, 1686.
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Scheme II

SALT
CcIp

M= Li* and Na*; X = ClO,~

aration was found to be controlled by an entropy of
activation, AS* = -20 % 2 eu.%2

The Special Salt Effect

The influence of alkali cations on the reduction of
carbonyl compounds had been the subject of extensive
investigation.’* The effect of added salt on reaction
rates is usually discussed in terms of either the normal
salt effect or the special salt effect.®* The normal salt
effect can be accounted for by considering the changes
in polarity of the solvating media upon the addition of
salt. The special salt effect, on the other hand, requires
a molecular interpretation. Based on studies of the
effect of added lithium perchlorate on the rate of sol-
volysis of alkyl arenesulfonates, Winstein concluded
that the salt accelerated the rate by undergoing an
ion-pair exchange with the solvent-separated ion pair
formed by heterolysis of the sulfonate. Such an ex-
change prevents the initially formed solvent-separated
ion pair from returning to the sulfonate precursor.%
Although Winstein concluded that the exchange reac-
tion involved the solvent-separated ion pair, ion-pair
exchange could occur, in principal, with either the
contact or solvent-separated form® (Scheme II). One
would expect that the mechanism of exchange, as well
as the rate of exchange, would depend not only on the
types of ion pairs involved but also on the specific in-
teraction that exists between the ion and the sur-
rounding solvent molecules.

The ion-pair intermediates resulting from the pho-
tolysis of both DMABB and benzophenone-diethyl-
aniline system in acetonitrile can be used to elucidate
the microdynamics of ion-pair exchange. The salts
NaClO, and Nal were chosen because of their pro-
pensity to form solvent-separated ion pairs (>99% )38
and contact ion pairs (>90%),% respectively, in aceto-
nitrile. Our studies revealed that the rate of exchange
is indeed sensitive to the ion-pair structure. The rate
of exchange between two contact ion pairs, Nal and

(34) (a) Lefou:, d. M.; Loupy, A. Tetrahedron 1978, 34, 2597. (b)
Brown, H. C.; Ichikawa, K.J. Am. Chem. Soc. 1961, 83, 4372. (c) Ashby,
E. C; Boone, J. R. Ibid. 1976, 98, 5524.

(35) Raber, D. J.; Harris, J. M.; Schieyer, P. v. R. In ref 17; Vol. 2, p
247.

(36) (a) Winstein, S.; Robsinson, G. C. J. Am. Chem. Soc. 1958, 80, 169.
(b) Winstein, S.; Robinson, G. C.; Fainberg, A. H.; Robinson, G. C. Ibid.
1954, 76, 2597.

(37) (a) Grunwald, E.; Price, E. J. J, Am. Chem. Soc. 1964, 45, 17. (b)
Crampton, M.; Grunwald, E. Ibid. 1971, 93, 2987.

(38) Erlich, R. H.; Roach, E.; Popov, A. L. J. Am. Chem. Soc. 1970, 92,
4989,

(39) Minasz, R. “An Investigation of Cation-Solvent Interaction by
Na-23 NMR”, Ph.D. Thesis, Diss. Abstr. Int. B 1975, 35, 4393,
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Figure 2. Time evolution of the absorption maximum of the
radical anion of benzophenone in acetonitrile salt solutions: v,
no salt: A, 0.1 M NaClO,; ¢, 0.1 M LiCly4. Insert: transient
absorption spectrum of the sodium-benzophenone radical anion
contact ion pair in acetonitrile.
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Figure 3. Time evolution of the radical anion of benzophenone
absorption mazimum in 1,2-dimethoxyethane salt solution: 0O,
no salt; ¢, 0.1-1.0 M NaClO,, v, 0.1 M LiCIQ,, 4, 0.5 M LiClO,.
Insert: transient absorption spectrum of the sodium-benzo-
phenone radical anion contact ion pair in dimethoxyethane.

benzophenone-diethylaniline, is identical with the rate
of exchange involving two solvent-separated ion pairs,
NaClO, and DMABB, kg change = (7.3 £ 0.7) X 10® mol™?
s’l, However, exchange between a contact and sol-
vent-separated ion pair, Nal and DMABB, was found
to be slower by over 1 order of magnitude. Thus the
rate of ion-pair exchange is sensitive to the ion-pair
structure with a maximum rate occurring between ion
pairs of the same structure.

Solvent Effects on Ion-Pair Exchange

Ideally, one would like to examine the exchange
process in solvents of both high and low dielectric,
possessing both weak and strong affinities for cations
and anions. In an attempt to elucidate the role of
solvent interaction in the exchange mechanism, we have
studied the dynamics of exchange between the inter-
molecular benzophenone-diethylaniline system and
NaClO, and LiClO, in acetonitrile, 1,2 dimethoxy-
ethane, and dimethyl sulfoxide. The pertient results
are shown in Figures 2 and 3. Raman,®* NMR#*4! and

(40) (a) Simon, J. D.; Peters, K. S. J. Am. Chem. Soc. 1983, 105, 4875.
(b) Wong, M. K.; McKinnery, W. J.; Popov, A. L J. Phys. Chem. 1971,
75, 56.
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dielectric relaxation? studies clearly demonstrate that
both salts exist predominantly (>95%) in the solvent-
separated form in the solvents studied. On the basis
of the rates of ion-pair exchange presented above, these
salts will undergo preferential exchange with the sol-
vent-separated ion pair benzophenone radical anion-
diethylaniline radical cation. Thus for all of the reac-
tions examined, we can assume that k3 >> k, (Scheme
II). The change in dynamics observed for the two salts
must be due to changes in the rates k, k_;, and ks,

For the acetonitrile studies, the observed bimolecular
rate of exchange with Na* (<1 M) indicates that ks~
[NaClO,] < k_;.*®® Furthermore, the rate of exchange
is slower in the case of Li*. The difference in rate
observed for the two salts can be accounted for by the
difference in solvation energy. Raman studies indicate
that lithium interacts more strongly than sodium with
acetonitrile solvent molecules.®® For ion-pair exchange
to occur these ion-dipole forces must be overcome.
Therefore, in acetonitrile, the rate-limiting step for
ion-pair exchange is not the separation of the amine-
ketone ion pair, k_;, but the desolvation of the alkali
cation.

Comparing exchange rates of Li* and Na* in di-
methoxyethane, the rate of exchange is independent of
the concentration of Na* but dependent on Li* con-
centration.“®® The change in relative ordering of the
exchange rate in dimethoxyethane and acetonitrile is
due to one or both of the following: k_;(dimethoxy-
ethane) < k_;(acetonitrile) or the rate of sodium de-
solvation is faster in dimethoxyethane than in aceto-
nitrile, k3[NaClO,](dimethoxyethane) > k;[NaClO,]-
(acetonitrile).

In dimethyl sulfoxide, no exchange is observed be-
tween NaClO, and the amine-ketone ion pair. Al-

(41) (a) Detellier, C.; Lazlo, P. Helv. Chim. Acta 1976, 59, 1333. (b)
Detellier, C.; Lazlo, P. Ibid. 1976, 59, 1346. (c) Greenberg, M. S.; Bodner,
R. L.; Popov, A. L. J. Phys. Chem. 1978, 77, 2449.

(42) Cachet, H.; Fekir, M.; Lestrade, J. C. Can. J. Chem. 1981, 59,
1051.

though dimethyl sulfoxide is similar in donor number
to dimethoxyethane, the above results indicate that the
exchange process is also sensitive to the polarity of the
solvating media.0

The importance of ion-pair reactions in organic
chemistry necessitates an understanding of these pro-
cesses on the molecular level. The above studies have
enabled us to begin examining the effect of solvation
on ion-pair dynamics. However, we still cannot accu-
rately relate the measure kinetic data to specific solvent
interactions. All of the data discussed in this Account
clearly demonstrate that molecular interactions be-
tween solvent and reacting molecules influence the
energetics and kinetics of molecular transformations.
Further picosecond studies are required in order to
more fully understand the “microdynamics” of chemical
processes.

Concluding Remarks

The experimental studies described above demon-
strate that picosecond spectroscopic techniques can
result in a better understanding of the molecular details
associated with organic photoreactions. However, a
complete understanding of chemical transformations
on the microscopic level rests on advances in both pi-
cosecond kinetic techniques as well as in the theory of
reaction processes. While, in principle, theoretical ap-
proaches are capable of providing a complete picture
of the molecular motions in reaction dynamics, only
experiment can sufficiently test and give us confidence
in these theoretical predictions. Accompanying further
improvements in picosecond technology and spectros-
copies, a better understanding of the molecular details
of chemical reactions is sure to emerge.
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The basic principles of carbene chemistry were es-
tablished in the 1950s by ingenious studies of their
reaction products.? However, measurements of abso-
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lute rate constants for carbene reactions followed very
much later. In 1976, Closs and Rabinow® measured the
first absolute rate constants for the reaction of a carbene
in solution by using conventional flash photolysis. With
this technique, the measurements were restricted to
microsecond time resolution. However, with the advent
of the laser flash photolysis technique, nanosecond time
resolution became widely available and caused a re-
surgence of interest in the kinetics of carbene reactions.
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