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The (free) electron transfer (FET) from electron donor molecules to parent solvent radical cations of alkanes
and alkyl chlorides exhibits mechanistic peculiarities that are conditioned by the low polarity of these solvents.
Because of the negligible solvation of ions in such systems and the almost complete lack of an activation
barrier, the electron jump takes place at the very first encounter of the reactants and, as such, in extremely
short times of<107'° s. Molecular oscillations (deformation, bending) occurring within the femtosecond
time domain result directly in significant changes of theor n-electron distribution in the HOMO ground

state of the donor molecule, thereby generating a distribution of conformers. This is considered to be a rationale
for a possible generation of different product radical cations in the free electron transfer, which exhibit different
spin and charge distribution and, consequently different stability. Experimentally, the latter has been verified
for aromatic donors, substituted with mobile, i.e., not rigidly fixed heteroatom-centered groups (various phenol
type compounds, thiophenols, aromatic amines, benzyltrimethylsilanes etc.). The individually characteristic
product distribution could be visualized and quantified by time-resolved spectroscopy in the nanosecond
time domain. On the basis of a manifold of experimental data and supported by quantum-chemical calculations,
the free electron transfer phenomenon is analyzed and discussed in detail in this summarizing report. The
results presented here stand also for a, seemingly paradox, situation in which the products of a diffusion-

controlled bimolecular reaction are governed by femtosecond events.

1. Introduction Within aromatic molecules with larger substituents these
L . i i groups are dynamically twisted against the aromatic ring, with

In the kinetic treatment of bimolecular reactions, intramo- frequencies< 101 Hz at room temperature. Knowledge about
lecular oscillations of the reactants are usually igndrfeimong these motions originates from infrared and microwave spec-

thel malln fggf\;[ur.es of tglose .?[)o.cessi's ()tnly the transportl bYiroscopy, ultrashort time resolution experiments, as well as from
molecular diffusion and equilibrium kinetics are commonly ~ o 2o penioar anaiyeisio

considered. This is symbolized by a formalism displayed in the
sequence of equilibria (1), for the example of an-enolecule
reaction.

Itis obvious that the deformation motions in the ground state
(bending motions, here treated as rotation) affect the electron
density distribution within the molecule. This is demonstrated
for the singlet state of the thiophenol molecule where the HOMO
electrons are distributed in dependence on the angle of twist of
the thiol group vs the aromatic ring; see Figur€ The results

In contrast, femtochemisthcovers local chemical transfor-  have been obtained by density functional theory (DFT) quantum
mations (of single molecules, complexes or other local enti- chemical calculations.

ties)*> which are tightly controlled by molecular dynamics.
Intramolecular dynamic motions occurring in this time range
are vibrations, stretching and various other types of deformation
A . R, .
modes (bending: torsion, wagging, - Jhis means that during constitute, in fact, diversity of moleculediffering by the angle

these motions bond lengths remain more or less the SaME,¢ rotation (deformation) of the substituent. So, in reality

although the angles between atoms or molecular groups MaYdynamic mixtures exist of identically structured molecules with,
change considerably.

however, different electron distributions. In a broader sense we
" . . — are dealing with aiversity of (rotational) conformer¥>13

t Sﬁ{vr‘;fs‘}?y”g}”feﬁ,“;g‘?r' E-mail: brede@mpgag.uni-leipzig.de. The interesting question, at this point, is if, and to what extent,
* Leibniz Institute for Surface Modification. this diversity of rotational conformers, and thus electronically
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AT+D=[A".D]=[A.D]=A+D" (1

As a consequence, for the dynamic case where the rotation
(deformation, bending) barrier is not too higka(< 20 kJ
mol™1), all these apparently resonant (i.e., uniform) molecules
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Figure 1. Thiophenol: electron density distribution of the HOMO
dependent on the angle of twist of the-6 bond (upper part); spin
density distribution in the radical cations for the planar and the twisted
state (lower part).
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induced primary processes. butyl chloride parent ions. Analogous results were obtained in
the electron-transfer involving various substituted phenols and
other chalkogenol&*1°

In view of the above considerations, we forwarded those
molecular oscillations as rationale for this unexpected result. It
is based on the plausible assumption that the actual electron
jump happens extremely rapidly, i.e., withinl fs. In the
approach of the reactants in our system (eqgs 2/3), this electron
jump from the solute molecule to the parent ion would thus
happen faster than the deformation motiord.Q0 fs) of the
donor molecule. The rotation-controlled conformer mixture of
the donor may thus well be reflected by different proddéis.
the following, this will be discussed in further detail and
generalized as a more common phenomenon.

k 2 : | 2. Parent lons and Free Electron Transfer in Nonpolar
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His scientific interest concerns application of computational chemistry stationary radiolysis of low-temperature glagée® and, in
to the interpretation of photo- and radiation-induced elementary ; T ; 24
reactions, in particular to metatheses polymerization and radical ion part_lcular, time-resolved electron pulse r adiol}/sfs ar(_a even .
chemistry. easier ways to generate and characterize parent radical cations.
At room temperature, the lifetime of the parent radical cations

different species, possibly manifests itself in distinct and as suchin nonpolar solvents amounts to up to 200 ns, and is dependent
identifiable chemical reaction pathways. This may appear as aon the solvent structure. Equations 4a,c show, as representative
rather improbable, perhaps even exotic, problem. But here we
will report a special type of bimolecular electron transfer, further ionization ot -

: P n-C,H N-C,gH,,  + ey 4a
denoted as “free electron transfer” (FET), which exemplifies, 100722 100722 solv (42)
indeed, this situation. It is characterized by an extremely rapid

electron jump from the donor molecule (S) to the accepting e"solv’” + CCl,— CI" + CCly (4b)
parent ion derived from a nonpolar solvent (RXalkane, alkyl
chloride)#-16 The FET gross reaction is generally described ionization

by n-C,HyCl —— n-C,H,CI"" + CI” + n-C,Hy" (4c)
RX"+S— St + RX 2) examples, the radiation-induced ionizationretlecané® and

of n-butyl chloride?® To prevent the inherently rapid neutraliza-
Applying such an electron transfer to the ionization of phenol tion in the radiolysis of alkanes, the highly mobile solvated
(S = C¢HsOH), a surprising observation was made. Instead of electron is usually transformed into nonreactive anions, e.g.,
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place. The individual steps of it are the diffusional approach
and the electron jump. The diffusion part of the products does
not make sense in this case and, consequently does not need to
be considered. The most remarkable peculiarities of this
electron-transfer type are summarized in the following:

«The term free electron transfer (FE¥3°has been introduced
because the parent ions are only very weakly solvated, if at all.

50 - -
3

P 40 0 100 200 300 . . . . . . :
< tins So, in the first approximation any interaction with the solvent
< molecules can be neglected. In the nanosecond scale, however,
o

the solvent ions are relaxed to the thermal equilibrium.

eThe overall reaction 2 was found to be diffusion-controlled,;
i.e., the rate determining steps are in each case the transport
processes such as molecular diffusion (relaxed parentfoits)
or, in special cases, “hopping” (positive holé%)3° The latter,
incidentally, exhibits rate constants of up to 200 times higher
than the diffusion-controlled value for molecular ions. This
clearly hints at the general possibility of rapid transport and
nonhindered electron transfer.

A/nm
Figure 2. Optical absorption spectra of parent radical cations taken  *After the encounter of the reactants, the actual electron jump
in the pulse radiolysis of the pure solventsecane on-butyl chloride. from the solute to the parent solvent ion is a nonadiabatic process
The inset shows a time profile of tlrebutyl chloride radical cationat ~ and proceeds at times comparable to that of an unhindered
a characteristic wavelength. electron flux in molecular entities; i.e., it proceeds in times

around 1 fs or fastet

*With such a rapid irreversible electron jump, the FET should
not follow defined equilibrium kinetics, not pass through a
classical encounter complex and, as a consequence of all this,
render the parent ion anonymous after the electron jump.

eThe rationales for the extremely rapid electron transfer are
the uniform charge (spin) distribution in the solvent parent ions,
the high free energy of the reaction, and the overall influence
of the nonpolar surroundings.

By comparison with the electron transfer in polar liqdfds
and in gase& the FET kinetics in nonpolar liquids tend more

1b 2b 3b toward those of the gas phase (collision kinetics). Influences

Figure 3. Spin density distribution (a, upper part) and charge due to the heat bath condition in the condensed phase, and the
distribution (b, lower part) of the radical cations derivechfieptane rapid thermalization and relaxation of the species have to be
(1), cyclohexane (2) and-butyl chioride (3). taken into account, of course. The above listed properties of
the free electron transfémwere derived from a thorough analysis
of the products from the scavenger side, as described below in
detail.

into chloride ions by addition of carbon tetrachloride (reaction
4b) or, in the case of-butyl chloride, by reaction with the
solvent.

The thus formed parent radical ions (denoted bold-faced) are
well observable in time-resolved optical absorption spectros- 3. Unusual Product Distribution in FET
copy. This is shown for the chosen examples in Figufe??.
The spectra exhibit broad bands in the VIS and NIR optical
range. A representative time profile is given as an inset.

The radical cations derived from alkanes (RHand alkyl
chlorides (RCt") represent pure-bonded systems. Hence spin

Despite the limited lifetime of the solvent radical cations
(r < 200 ns) and the diffusion controlled rate for the overall
bimolecular process, the electron transfer from any solute (c
1072 mol dm™Y) to the solvent parent ions (cf. reaction 5) can
and charge density are equally distributed over the whole be observed exclusively and without ambiguity in pulse radi-
molecule, which is shown in Figure 3 for some representative olys!s experlmer)tég? That is because any other transients
exampled! From these properties and because of their large (radicals, carbemum ions etc.) are much less reactive than the
ionization potentialg’ the parent solvent radical cations R Solvent parent ions. Consequently, also the products of the
(X = H, CI) are extremely good electron-transfer oxidants. The electron transfer (5), namely, the radical cations of the electron

entire scavenger reaction sequence (eq 5) can easily be followedonor, are_directly observgble, at least in most cgses.
by analyzing the time profiles of the solvent radical cations as As mentioned already briefly, a parallel generation of phenol

well as the transient product species. radical cations and of phenoxyl radicals, in a 1:1 ratio, has
been observed in the oxidation of phenol-type compounds
RX"" 4+ S— approach— RX""...S— (ArOH),11.14.15404%eaction 6. This happens independent of the

" type of the nonpolar solvent (R¥)or electronic effects caused
RX+S™ (5) by further substituents at the aromatic rifg.

+ diffusion

e-jump— RX...S
Within the course of this FET process, the parent radical -
cation regenerates a solvent molecule and, therefore, becomeRX™" + Ar—OH—

anonymous in the solvent surrounding. Instead of the usual RX + Ar—OH"(50%), Ar—O"(50%) + H™ (6)
quasi-equilibrium situatiot¥$2° a simple forward process takes R = alkyl; X = H,CI
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Figure 4. Pulse radiolysis of phenol (1® mol dn3) in n-butyl chloride: optical absorption spectra taken 30 ns after the palgeapd after
addition of 0.1 mol ethanol, taken after.s (@). Parts b and ¢ show characteristic time profiles simulated with the assumption of a rapid and
delayed formation of Ar®by transformation of ArOr (mechanism in reaction 7).

Figure 4 demonstrates this effect by showing transient hetero substituentS. In each case a parallel formation of
absorption spectra taken in the pulse radiolysis of phenol in scavenger radical cations and neutral donor radicals took place,
n-butyl chloride solutiori! The primary solvent radical cation  cf. Table 1.

is formed in the course of the 10 ns electron pulse. Reaction 6  Returning to the former question whether molecular rotation
then happens within a few tens of nanoseconds. Hence theand bending motions can influence the product pattern of
product spectrum taken 30 ns after the pulse exhibits the typical himolecular electron-transfer reactions, it is hypothesized that
absorption bands of phenol radical cations 420 nm) and  poth products (ArOk, ArO*) originate from the free electron
phenoxyl radicalsA = 400 nm). Both species are formed with  transfer involving different (rotation) conformer states of the

the rate of the bimolecular electron transferkgf= 10'° dm? donor. As has been shown already in Figure 1 for the example
mol~* s~ This rate constant has been determined by analyzing of thiophenol, the HOMO electrons shift with increasing angle
the kinetics of the decay of the solvent radical catibiror of rotation from the aromatic ring to the heteroatom. This seems
unambiguous assignment, the phenol radical cation AtQ¥S  to be true also for all phenolé! Here it should be mentioned
quenched with ethanol or other additives of increasing polarity that the term rotation stands for the complexity of the deforma-
(see lower spectrum). tion motions.

The ratio between the product transients was determined by = The rotation motion around the An-OH axis generates, as
kinetic simulation§'4? based on the observation that the mentioned, a diversity of momentary electron distributions and
metastable phen0| radical cation eventually decayed within 500 thus Verymixed conformer state3 his diversity can hard]y be
ns under formation of further, i.e., secondary phenoxyl radicals; jntroduced into an all-comprising chemical model. Hence, for
see reaction 7c. This delayed conversion of the phenol radicalsimplification we define and further consider only two borderline
cations (7c), observed in the nanosecond range, allows us tostates: thelanar statestands for the molecules with low angle
calculate the yields and respective ratio of the promptly formed of twist, whereas thperpendicular staténcludes the molecules
species given in eq 6 (50% phenol radical cations, 50% phenoxyl with higher deformation angle. This extrapolated simplification
radicals). appears justified because it describes the product situation, both

As elucidated in detail later on, similar effects were found qualitatively and quantitatively. The important features are that
using a variety of other electron donors such as differently in the planar molecule the electrons are distributed over the
substituted phenol$;1415thiophenols’? selenophendt? diphe- whole molecule (in analogy to the picture of resonance of thiols,
nols* naphthol4® and compounds with combinations of such Figure 1, on the left) and in the perpendicular state electrons
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TABLE 1: Experimentally Obtained Lifetimes 7 of Chalkogenol Radical Cations in BuCl and the Ratio of the FET Products
(ArOH ** and ArO*) Compared with DFT B3LYP/6-31G(d) Calculated Dynamics Parameters

Phenol o Coending ttence E, product remarks | ref.
. . -15 -15 -1 ratio
radical cation [ns] [[107°s] |[107s] kJ mol
) . (H)/(®)
BuCl singlet (cation)
HO—@ 280 97 9.3 12.6 (62) 50:50 11,
14
DO—@ 330 12.6 50:50 | deuterated | 11
phenol
HO—@—CI 330 98 9.3 13.0(55) 50:50
11
HO—@—OMe 330 110 9.3 10.0 (57) 50:50 11
470 35 9.1 9.8 (46) sterically

50:50 hindered 11

5

phenol
HO—@—OH 100 9.3 9.7 (60) 40:60 all 41
biphenols
: : (/0 89 9.3 17 50:50 para-
HO
OMe salicylate | 46

Me 294 12.8 34 (50) 62:38
o R
’,' ji)/ curcumin | 47
H o
OMe 294 12.8 61 100:0 ortho-
?)ji) salicylate | 46
H Ko
HS _@ 294 12.8 1.7 (89) 35:65 various 43,
thiophenols | 11
347 14.8 2.9 (82) 10:90 seleno- 44,

I
[
é

phenol 11

at = time of one rotation (bending) or vibration period (valend&)= activation energy of the OH group rotation in the ground state (singlet)
and as a radical cation (in bracket$), = experimentally measured lifetime.

are very localized on the heteroatom (Figure 1, right-hand side). should be the activation energy of the rotational barrier that
Upon ionization of the molecules in either of these states, the determines the mobility of the bond. Consequently, the product
charge and spin distribution should reflect the electron distribu- distribution (assumed conformer ratio) should show a significant
tion in the ground state. This means that in the very beginning dependence oE,.

we get two different types of product radical cations, one with  This assumption can be judged by analyzing the data of Table
charge distributed over the whole molecule, and the other onel. Here, relevant kinetic and dynamic data are compiled for
where the charge is localized at the heteroatom. In the latter different types of phenols and other chalkogenols. They include
the O—H bond is obviously weakened, with the result that this times for one vibrational motion (ArG~> H) and for one

type of phenol radical cation is rather unstable and deprotonates ArOH,,_ > AOHT™ —> ArOHT 7a)
immediately. In fact, appropriate bond energy calculations e
corroborate this conclusion. N

For the example of the FET involving phenols (cf. also gx+ .  ard.oH +RX
reaction 6) we can now put everything into concrete terms, as
symbolized by the reaction sequence (7). The rapid deproto- N
nation in reaction 7b is assumed to occur within the first AOH, oy —>[AFO™-HI] —>Ar0" +H' (7b)

vibrational motion of the corresponding—® bond.
In our picture concerning the product formation in FET in
dependence on the bending motion of the &-OH bond, it AOHT* + CII —> ArO" + HCI (0)
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rotational motion (Ara-OH), as well as the activation energies  the individual reaction steps should be made where the reaction

of the rotation barrier in singlet and in radical cation st&ig).( is formulated in the common way (resonant molecule ArOH).
Despite the different electronic and structural effects of

substituents, the “kinetic” data for the “simple” phenols look ArOH + BuCI* AH=-1.32eV

quite similar and, perhaps surprisingly, also the ratio of the e-transfer

primary formed phenol transients shows a constant value of 50:  { ArOH** + BuCl}

50. In all these cases a nonhindered bending oscillation is evident

AH=-0.73 eV
unrelaxed  relaxation

ArOH"" + BuCl

for the ground state and, in fact, the calculadf bending (8a)
amounts to less than 15 kJ maél This holds also fometa )
andpara-salicylate*® (metadata not explicitly listed in Table The electron transfer occurs between two electronically
1). relaxed reaction partners. After electron jump both products,

In the case of curcumin a weak hydrogen bonding hinders Namely ATOH™ and the solvent molecule (BuCl), are primarily
unrestricted rotational motion (five-membered ring) and, hence, In an unrelaxed state, due to the change of electronic config-
planar structures and, consequently, radical cations begin touration within the same molecular structdtethis first step is
dominate*” And as an extreme case,dntho-salicylate a strong ~ €xergonic by 1.32 eV. It follows a rapid relaxation via
hydrogen bonding between the phenol hydrogen and the a_dju;tmgnt of the mole_cular geometry to the new electron
carbonyl group prevents the bending motion completely and, d|str|but|qn. Thg relaxation (reorganization) energy of about
therefore, only metastable radical cations are fot¥r&b, from 0.73 eV is distributed between ArOH(0.19 eV) and BuCl
the experimental point of view the background of the unusual (0.53 e\/). ) o
product d|str|but|0n seems Conv|nc|ng|y Conf"'med Certalnly, before reaChIng the thermal eqwhbﬂum, the excess

As a further point, the behavior of thiophenols and selenol €nergy of the electron transfeAkl = 1.32 eV) is partitioned
should be noted. In both cases, the rotation around theyAr- off the reactan.ts. Considering the proton dlsspuatlon energy of
XH axis is practically unhindered, as concluded from the low @bout 8.7 eV in the gas phase and 2.6 eV in the liquid state
activation energy of<15 kJ motL. The heavy heteroatoms, (BuCl as proton_ ac_ceptor), the excess energy is far from being
however, appear to prefer an accommodation in the perpen_enough fOI’. achle\(mg deprotonation in the planar state of t.he
dicular structure that, as indicated before, facilitates deproto- Phenol radical cation. Because of the strong electron-vibration
nation. Accordingly, the rapidly formed donor radical yield c_ouph_ng, thg excess electronic energy is a_ccepted by the nearest
increasingly dominates. For AiSeH this fraction amounts to, ~ Vibrations, first by the €H valence vibrations+3200 cn*
in fact, 90%; i.e., the structurally more stable and, therefore, = 0-39 €V), and will be dissipated by interaction with the
dominating configuration is clearly the perpendicular one. Surroundings. B -

Nevertheless, from the qualitative point of view the reaction ~ However, the additional destabilization of the deformed
scheme is quite analogous to that shown in equations 7a,b. (twisted) donor radical cations (see reaction 7a,b), helps to

As a provisional conclusion for the described liquid-state Overcome easily the_dlssomatlon barr!er; cf. also Figure 6. Thl_s
experiments, it can be stated that a relationship has beeniS conS|sten§ also V\_/lth the obse.rved independence of the ratio
established between the rotational mobility of the hetero between radical cations and radicals on.the type of the nonpolar
substituents of the arenes and the product distribution of FET. Solvent used. Here the free energy varies between 1 and 2 eV.
The less restricted the rotation, bending, etc. motion is, the moreFurthermore, it should be mentioned again that in the case of
apparent becomes the two product situation (parallel formation rgstrlcted rotation of the hetero group the prompt dissociation
of metastable donor radical cations and corresponding depro-did not take place. S
tonated radicals). Any deprotonation in the sense of self-dissociation is

Further support for our hypothesis is provided by temperature e_nergetlcally unfavorable. The_refore_, f(_)r a mechanistic explana-
effects, specifically by the results of matrix isolation experiments tion of the prompt deprotonation within FET we have to take
with y-irradiated alkane glasses containing electron donors (e.g.,IN0 account the solvent as proton acceptor and stabilizer,
phenols) at very low temperatuté Under those conditions,  reaction 8b.
only donor radical cations have been found, as specifically
reported for the particular case of a sterically hindered phe- [Ar—O'+—HB] perpendﬂ ArO® + H+(BuCI) (8b)
nol 4950 At low temperatures the molecular dynamics and the '
molecule mobility are frozen. The effect can be explained by
an increase of the activation barrier of the corresponding motion,
and hence, the amplitude of this motion is restricted. Unfortu-
nately, for technical reasons of our equipment, pulse radiolysis
experiments, which could provide more insight, could not be
performed at temperatures—30 °C.

The fact that the proton affinity of many solvents, such as
butyl chloride, lies just between those of the metastable planar
radical cation structure and of the twisted unstable one (see
Figure 5) fully corroborates our view.

A decay of the perpendicular radical cation via deprotonation,
which is driven by CI as the nucleophile, is excluded because
of the low concentration of chloride ions in the early stages.
But CI~ seems to be the main carrier for the delayed and time-
resolved decay of the planar ArOH reaction 7c.

In the following we will have a closer look at the energetics A potential energy diagram concerning the energetics of the
involved in FET in general and in particular in the rapid solvent driven deprotonation (8b) of the dissociative cations is
deprotonation (dissociation) of the unstable conformer radical displayed in Figure 5. The ground state (singlet) potential is
cation (reaction 7b), immediately after the electron jump to the rather flat and shows the energy changes during the rotation of

4. Dissociation of the Weak G-H Bond in the
Perpendicular Phenol Radical Cations

parent ion. the Ar-n-OH group, which amounts te15 kJ mot™. After
Overall, theelectron transferfrom the neutral ground-state  ionization, the potential of the radical cation [As-OH]**"
phenol (ArOH) to the solvent radical cation (BuQl is becomes considerably deeper and the rotational motion is

energetically favored by 2.05 eV. Now an energetic analysis of hindered by an activation barrier ef60 kJ mot?,
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Figure 5. Potential diagrams describing the energetic situation of the donor molecule (ArXH,0X S, Se) in the ground state and for the
different conformer radical cations. The left part shows the potentials dependent on the rotation angle, and the right part demonstrates energy
changes dependent on the bond lengthaf Ar—XH.

0.16 appropriate to present here in brief some more details of the
0.10 . . . .
014 theoretical foundation, and the quantitative as well as general
conclusions derived therefrom.
0124 The information of interest concerns, in particular,
= 0.10 othe dynamic behavior of the donor molecules (frequencies
<\i 008 of vibration and bending motions),
o othe electron distribution in the affected orbitals and conse-
2 0.06 + t'ns 200 guences for its ionization, and
0.04 4 othe detailed mechanism of the dissociation of the unstable
donor radical cations as far as this is a reflection of the energetics
0.024 of the reaction and of some structural details (changes in bond
0.00 lengths etc.).
" T " T " T T T All these data have been obtained by DFT calculatién®.
300 400 500 600 700 N )
In addition to the data used for the explanation of the
A, nm experiments (see Table 1) a thorough analysis of the structure
Figure 6. Transient spectrum obtained in the pulse radiolysis of10 and the dynamic behavior of the phenol type compounds has
mol dn* diphenylamine in deaeratagbutyl chioride, taken®) 40 been performef57 From that and the characterization of

ns and Q) 1.2 us after the electron pulse®j represents the spectrum . . .
of the amine radical cation taken as a difference of the above spectra.several tens of chalcogenol radical cations, the reaction pattern

For comparison, the spectrum of the BuCl radical cation is shawn ( Of the free electron transfer proves to follow a general
Inset: time profiles of the same sample taken at 480 (decay ofBuCl ~mechanism:
and 700 (formation of amine transients) nm. eDonor radical cations are generated by FET (5) from a
) o ) neutral compound to the solvent parent ion; i.e., an electron is
The planar radical cation is metastable and is placed on theremoved from the HOMO of the donor. Accordingly, the
bottom of the vibration potential (Figure 5, right-hand side). structural and electronic properties of the neutral (ground state)

The perpendicular radical cation state, however, has a muchmolecules should define the properties and reactivity of the
higher energy. At distancés> 1.3 A the potential of the latter  formed radical cation.

crosses the level of the proton affinity of the solvehThis
critical length is easily reached during the first vibration motion
and, as a consequence, dissociation (deprotonation) takes plac

+On the femtosecond time scale, the oscillations of the phenol
donor)-type molecules result in @ntinuous change of the
nolecular structureby vibration, deformation, rotation, etc.
motions®® Especially bending and rotational motions around
the Ar—XH axis (where X= 0O, S, Se, N) cause maximal

Although results of quantum-chemical calculations have changes of the molecular geometry. As can be seen in Table 1,
already been used for rationalizing the experimentally observedthe valence X-H vibrations are at least 10 times faster than
unusual product distribution in the FET of phenols, it seems the rotation, bending or wagging of the AKH group.

5. Quantum-Chemical Treatment of the Dynamic Effect
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However, both of them are slow in comparison to the time of diffusion-controlled overall reaction 6 takes place, the dissocia-

the electron (transfer) jump. tion of the unstable conformer cation must be faster than this
Rotation and bending motions with small activation energies time limit. Thedetection methoby real time spectroscopy thus

(see Table 1), lead to dramaticalirge changes of the electron ~ deals again with ateady state situatiorit should specifically

distribution, especially of the n-electrons of the heteroatom (cf. be recognized though that the nanosecond technique discrimi-

Figure 1 for thiophenol). nates any other transient processes that may take place at longer
«Within the Born-Oppenheimer approximation the molecular times after a pulse of radiolyst.

geometry remains stiff during the period required for electron .

relaxation and the very fast electron-transfer jump. In all studied /- Further Experimental Examples of FET

cases the change of the electron distribution in dependence on Having these points, the search for further experimental

the angle of rotation shows a similar trend (see Figures 1 and examples was focused on substances with simitgotyd leaing

7). The heteroatoms carry lone electron pairs and, therefore,groupsas the proton (cf. phenols) or other low-energetic ions.

are potential electron donors. In the planar structure, due to the|ndeed, primary and secondary aromatic amines, benzyltrimeth-

strong resonance with the-electron of the aromatic ring, the  yisilanes and highly substituted aromatic sulfides appear to fall
n-electrons are shifted from the heteroatom to the aromatic into this category. Structural formulas with rotating arrow

moiety. Hence, the (HOMO) molecular orbital in the planar indicating characteristic bending motions:
structure is strongly delocalized over the whole molecule.
Rotation around the ArXH axis disturbs this coupling between
ring and lone pair electrons. Therefore, the molecular orbital in @ﬁ
the perpendicular structure assumes n-symmetry and is almost
entirely localized at the heteroatom.

«The consequences emerging from all the above show up in
the initial products of the FET involving the two borderline

conformer structures, namely, the planar and the perpendicular Diphenylamine and Anilines. Figure 6 presents optical
(twisted) ones. absorption spectra taken in the pulse radiolysis of diphenylamine

dissolved im-butyl chloride®® Although the spectra of the FET
6. Generalization of the Influence of Bending Oscillations products strongly overlap, a spectral and _kinetic_ analy_sis
on the Product Distribution in FET nevertheless revealed unambiguously that amine radical cations
as well as aminyl radicals were formed synchronously. The time
Described and proven in detail for phenols (cf. section 3), profiles given as inset of Figure 6 show the FET reaction (9a,b)
the hypothesis of the influence of short-lived conformers on
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diphenylamine benzyltrimethylsilane alkylarylsulfide

the product pattern in FET, as it is governed by bending modes ArNH,, —> ArNH™ —> ALNHI®  (92)
of a substituent, should hold and, therefore, be considered also . -
for other chemical structures. As for a model, molecules RX™+ Ar-O-N-G-Ar TY +RX

consisting of an aromatic ring and a marked substituent come
to mind. The ternmarked substituerih this context refers to

a group that is able to easily undergo any bending motions
relative to the aromatic ring. The following aspects and, relative
to the phenol-type systems, now more generalized statement:
deserve particular attention.

If the substituent contains heteroatoms that contribute to the
polarization of the molecule, then any of their motions will be
reflected in the fluctuation of the electron density in the
molecule. The continuous bending of the substituent in this
dynamic situation is coupled to a corresponding change of
molecular conformations, which thus means it continuously
passes through a diversity of states with different electron
density distributions, as a function of the angle of twist. heteroatom. This is shown in Figure 7.

The quctuat_lon of the (HOM.O) _electrons may be d|rec_ted For a quantitative description of the reaction channels (9a,b,c)
from t_he n-orbital to the aromatic ring (phe_nols) orfromaring e simulated time profiles at certain characteristic wavelengths
mr-orbital to the heterosubstituent (benzylsilanes; see below). here the overall optical absorptions are superimpositions of

For detecting and identifying the phenomenon of conformer-  the individual absorptions of all involved species but contribute
dependent product formation, a possibility of differentiating the 1o different extents. This is shown in Figure 8. The best fit of
products should exist. In the case of a rigid molecule structure the aminyl radical absorption traces)(has been achieved for
(skeleton), radical cations derived from the different conformers, 3 ratio of 50:50 between the two possible reaction channels.
unfortunately, isomerize rapidly to the energetically stable state Thjs convincingly confirms the applied underlying mechanistic
and, consequently, there is no chance for observing the effect.scheme.

But in the case where the product radical cation of one  We assume that, in this system, it is the wagging motion that
conformer is (meta)stable and that of the other one is dissocia-is responsible for the formation of the two instant products of
tive, like in the case of phenols, two different products should reaction (9a,b). As indicated in the formulas, the metastable
appear simultaneously on the time scale of the electron-transfermesomer radical cation is that with delocalized charge (9a)
overall reaction. whereas in the other one the charge is concentrated mainly on

Furthermore, because the observation of the products isthe nitrogen atom (9b). This picture is based on an analogous
limited to the time scale=10 ns, i.e., the time range where the simplification as was made for phenols. In reality, a diversity

ArNH,,., —> [A,N"-H¥] —> Ar,N° +H  (9b)
ALNH" + T —> ArN® +HCI 9¢)

%rom the educt (solvent radical cation at 480 nm) as well as the
product side (amine transients at 700 nm). The amine radical
cation and a considerable fraction of the aminyl radical are
formed instantly (cf. also reactions 9a,b). This can be also seen
for the profiles taken for longer times, cf. Figure 8.

Taking into account an asymmetric wagging motion involving
both Ar—N—Ar bonds, the deformation leads to changes of
structure from planar () to perpendicular (90, which results
in a considerable shift of the electron distribution toward the
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! \
Figure 7. Electron distribution of the HOMO electrons of DPA given for the pland) éhd the twisted state (90
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560 nm| 4.
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Figure 8. Time profiles showing the correlation between kinetic simulation and experimental dajeexperimental profile. Simulated time
profiles: @) sum profile, ©) chlorobutane radical cationdj DPA radical cation ANH**, (O) DPA radical ApN".

of more or less deformed states exists during the wagging indeed, formed in the electron transfer of which one is
oscillation at any individual moment. dissociative and the other one is metastable, as experimentally

Although amine radical cations are known to be nearly observed in pulse radiolysis experiments (see Figure 9). Because
persistent, in the special case of charge localization on the Nof the inverse electron shiftz(electrons from the ring instead
atom the species seems to be dissociative; i.e., it deprotonate®f n-electrons as for, e.g., phenols) the stability of the cation
rapidly. This has, indeed, been observed in the experiment andconformers changed: the planar conformer is dissociative
is also supported by the results of quantum-chemical calcula- whereas the deformed one is metastable. Hence, part of the
tions. A collection of corresponding data is given in Table 2. dissociative product (60%) is formed rapidly, whereas the
Except for stable tertiary structures such as in triphenylamine remaining 40% are generated in a delayed marfdef®

or dimethylaniline’* all the primary and secondary aromatic  frjgyre 10 shows transient absorption spectra obtained in the
amines follow the same reaction patiern as reported for , ise radiolysis of benzyltrimethylsilane inpurgedn-butyl
diphenylamine. Interestingly, for photosensitized radical cations ., oride solution. The main absorption is due to the correspond-
derived from slightly deformed secondary aromatic amines, a ing metastable radical catio & 330, 550 nm§* The long-
. . . . ~ —1 ) .

rapid umgnolc_acul_ar deprotonation with~ 10° s . has been ., lasting absorption in the UV, however, is caused by the benzyl
reportec Th's nicely cor.roborates our hypothess qf the_raplql radicals, which show a characteristic maximum in this wave-
deprotonation of the twisted solute cations described in this length range. The kinetic situation becomes clearer by looking
aner. ion. FET involvi q . . at the corresponding time profiles in Figure 10. With the decay

As an exception, Involving secondary aromatic amines ¢ e go|vent radical cation (640 nm), both the metastable silane
with rigid structures exclusively yielded amine radical cations radical cation (530, 310 nm) and the benzyl radical as the
(acridane, carbazdig. In contrast, the more mobile phenothia- observable direct successor of the dissociative silane species

Zine structure gives t.)Oth FE.T products; see Table 2. .These(fast part of the profile taken at 260 nm) are seen to be present
findings are also consistent with the hypothesis concerning the

reflection of the molecular motions in FET.

’ o+
Benzyltrimethylsilanes. These compounds also contain a \T‘ W
substituent that can be bent against the aromatic ring. The o
favored leaving group should in this case be the trimethylsilyl 40 %4 &2 metastable
cation. Although the molecular structure differs from the former . _SiMe; (10)
examples (phenols, aromatic amines), the FET with benzyltri- BuCl™ + @CHZ —
methylsilanes principally follows the same reaction pattern, as e 1
displayed in eq 10. The rotating substituent causes electron 60 % P @’QW
fluctuation in the HOMO, which, in this case, involves 7 planar

m-electrons. Two distinguishable product radical cations are, + *SiMe;
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TABLE 2: Calculated Times of One Motion of Bending (Torsion, Wagging) (sending) and Valence (Stretching) {aience
Oscillations (B3LYP/6-31G(d), Scale Factof = 0.96

© pending £ ence E, estimated remarks ref.
[10™s] | [10™s] | singlet (cation) | product ratio
[kJ mol"] /()
59.1 9.1 23 (150) 50:50 torsion 60
HoN
334 9.3 25 (112) 50:50 torsion 60
MeHN
608 9.2 13 50:50 DPA: 60
ArHN
torsion
H 760 9.1 1.3 (19) 85:15 acridane, 62
slightly wagging
H 610 9.2 7.4 (24) 50:50 phenothiazin 62
r0
S
H - 9.1 - 100:0 carbazol, 62
gy
skeleton

a E,is the energy barrier for rotation along the-Ad— axis or bending motions for the singlet ground state, as well as for the radical cation (in
brackets).

simultaneously. The delayed dissociation of the metastable silanethe generality of the FET concept. The rapid dissociation of
cation is reflected by the delayed part of the benzyl radical the unstable primary radical cation happens also if instead of
absorption (Figure 10, 260 nm). protons other leaving energetically favored groups are applied.

This behavior has been observed for a variety of differently In the case of the above-mentioned silane compounds the leaving
substituted silanes and can thus be generafiz€drresponding entity is the trimethylsilyl cation.

data are given in Table 3. In the case of cyclic substituents A fyrther experimental example is the FET-induced oxidation
(fluorenyl and xanthenyl trimethylsilar@ a convincing rela- o phenyl benzyl sulfides for which the dissociative ionic
tionship can be established with the flexibility of the silane rqqycts are two couples such as arylmethyl radicals/sulfur-
substituent, which, in turn, may allow a calibration of the ratio .ontered cations and trityl cations/thiyl radictisHere by
between rapidly formed radicals and metastable radical Cat'ons'energetic reasons a split but also specific dissociation pattern

This correlatign is, in fact, one of the main arguments supporting ¢ 1ha unstable radical cation seems to exist. This matter is just
the hypothesis that the products of the free electron transfer are

. . ) under investigation.
a direct reflection of the molecular dynamics. The examples g

with benzyl trimethylsilane type compounds clearly manifest 30
12 A=640nm 25 A=530nm
A 10 20
0.06 ) z ° 2
Ph-CH,-Si(Me), 6
4 10
2 5
0 0
[} 200 400 600 t/ns 800 0 200 400 600 t/ns 800
35
30 A=310nm 50 A=260nm
25 40
> 20 E
3 1 30
10 20
. o 5 10
0.00 : . - . ——nw : ) | ]
300 350 400 450 500 550 A/nm 600 0 200 400 600 t/ns 800 0.0 0.5 1.0 1.5 tius 2.0
Figure 9. Transient absorption spectra taken in the pulse radiolysis Figure 10. Time profiles of then-C,H,CI** (640 nm), the silane radical
of a 1.1x 1073 mol dnm2 solution of benzyltrimethylsilane in-butyl cation (530, 310 nm) and the fragment radical (long-time contribution

chloride, purged with N(100 ns Q) and 2us @) after the pulse) and at 310 nm, main part at 260 nm) taken in the pulse radiolysis oka 2
in O, saturated solution (after 100 ns)). Here the strong UV 1072 mol dnv2 solution of benzyltrimethylsilane in-butyl chloride
absorption is caused by butylperoxyl radicals. purged with nitrogen.
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TABLE 3: Calculated Times of One Motion of Torsion (Wagging) and Valence (Streching) %yaencd Oscillations (B3LYP/
6-31G(d), Scale Factorf = 0.96}

et € tence E(S), |product remarks ref.
. ratio
[107"s] [107"s] singlet
. (/)
(cation),
kJ mol”
/ 850 55 5 70:30 non yet 66
O é
\ (39) published
R,-Ar-CR R.-SiMe, 1330-2380 37 14-24 | 40:60 R, ,=H, Me, Ph; 64
(57-87) R,=H, PHCO-;
4©+SiMe3
10 compounds
O ] O 600 40 - 25:75 xanthenyl 65
R =Me, Ph;
Si(R
R 6 examples
- 40 - 100:0 fluorenyl 65
O'O R =Me, Ph;
Si(R)s 2 examples

a E4(S) denotes the energy barrier of rotation along the Awhere X= O, S, N and C) axis and bending motions for the singlet ground state,
as well as for the radical cation (in brackets).

8. Time Regime of the Components of FET Related to need longer times (femtosecond scale), and vibrations exhibit
Basic (Physical) Relaxation Phenomena at least 10 times higher frequencies than rotation and bending
motions. Vibrational relaxation is likely to be a bit slower than
vibrational motions, which would be in line with our assumption
‘that the dissociation is the dominating process in the decay of
the perpendicular radical cation, reaction 7b. In other words,
after the electron jump takes place, the dissociation should
happen during the first vibration of the relevant bond.

The processes taking place in the nanosecond time domain,

At this point it is deemed appropriate to accommodate, for
comparison, all the events around FET into a general time scale
Figure 11 shows a time axis ranging from atto- to microsec-
onds® Above the scale, defined time domains are associated
with individual processes, such as electron fluctuations in
organic molecules, molecular oscillation (motions) and diffu-

sion-controlled bimolecular events. Below the time axis, the e
different steps of the FET are arranged such as the diffusion-controlled gross process (6) and also the
The diffusion-controlled overall (gross) .reaction is conditioned delayed dissociation of the metastable donor radical cations (7c),
by the transport process and, accordingly, needs nanoseconds?an. dire.ctly be qbserved by time-resolveq spectroscopy in.pulse
This, in turn, limits the experim'ental detecti(;n to this time range fadiolysis experiments. Transient absorption spectra (see figures
L e : " throughout this paper) enable the identification of the FET
Splitting FET into individual steps, the electron jump from the products, and the time profiles provide kinetic and yield
donor to the parent solvent radical cation is the fastest one,: S ; .
completed within less than a few femtoseconds, possibly just information. For the latter case, the observation of a rapid

) : .~ (reaction 7b) and a delayed part (reaction sequence 7a,c) of the
hundreds of attoseconds. The intramolecular dynamic motlonsﬁnaI radical products can clearly be distinguished. This gives

. . direct access to the determination of the respective yields of
Principal physical

processes the compgting processes (7a,b), i.e., to tlhe quantification of both
electron _ channels in the electron transfer, forming unstable and meta-
Ticiuation, e o] stable donor radical cations. A typical example has been given
*  vibratiors———s ATy in Figure 8.
rotation etc.
as fs ps ns s 9. Quantification of the Dynamic Effect in FET
L L L 1 L
5% 15 1 9 P From the qualitative point of view, the influence of molecular
FEE e _ e dynamics on the free electron transfer seems to be well
l relaxation s—a  Uelayed established on the basis of the data presented here. Now, the
electron FET gross deprotonation . Lo . . . . .
jump reaction guestion of the quantification arises. The main problem lies in
Dissociation axacin the exact evaluation of the relationship between the intramo-
Free electron  \wooroonaton) lecular deformation motions of the substituents and the experi-
saniater mentally determined product distribution.

Figure 11. Time range of processes relevant in free electron transfer 1 N€ intramolecular motions that are connected with an
(FET). (x) rotation (torsion) stands also for other similar motions such ~ €fficient electron fluctuation of the reaction-concerned orbital
as necking, wagging, bending, etc. (n or ) are complex and require, in principle, a complete
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description of all involved rotation, torsion, bending, wagging, (i) The existence of the seemingly paradoxical phenomenon
etc., modes. The single modes can be determined by quantunthat a diffusion-controlled electron-transfer reaction is governed
chemical calculations (see Tables3). These data provide an  (from the point of view of the products) by femtosecond
estimate for the time range of the oscillations but also how this molecule dynamics. Analysis of the overall electron-transfer
is related to the time of the electron jump within the FET. reaction in terms of its individual steps reveals that, mechanisti-
Indeed, the calculations unambiguously confirm that the electron cally, the rapid electron jump<(1 fs) is the deciding one.

jump is faster than the oscillations by at least two orders in (i) The ultrafast FET from donors te-type (saturated) radical
magnitude. cations differs completely from the common electron-transfer

The interpretation of the two ionization pathways (formation concepts, which pertains to the electron transfer in nonpolar
of stable and dissociative donor radical cations) is made, asmedia as well as to the special phenomenon of the influence of
mentioned before, with the simplification that the oscillation- femtodynamics on the product cation formation.
conditioned diversity of conformers is reduced to two limiting
states, the planar molecule and the perpendicular structure. The Acknowledgment. We cordially thank Prof. Klaus-Dieter
crucial point here is the definition of the border angle separating Asmus (Berlin), Drs. Ralf Hermann and Wolfgang Naumann
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