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Electron Transfer from Cyclohexane to Photoexcited Aromatic lons. Generation and
Kinetics of High-Mobility Solvent Holes"
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In cyclohexane solutions, aromatic radical cations are produced by two-photon (248 nm) photoionization of
aromatic molecules. A novel excited state chemistry is observed; i.e., excitation of these radical cations with
a 532 nm laser pulse, delayed by several microseconds, produces the high mobility cation of cyclohexane.
The difference of the signals with and without the 532 nm pulse shows the decay of the cyclohexane radical
cation free of complications from geminate ion recombination. The biexponential nature of this decay suggests
an equilibrium involving the high mobility cation, such as was proposed to explain previous experimental
results.

Introduction tween conformers of the cyclohexane radical cation. However,
. o ) results obtained with the delayed 532 nm pulse indicate that
In a previous publicationwe reported thatin 4 eV (308 nM)  the detailed nature of the observed biexponential decay is
and 5 eV (248 nm) laser photolysis of $6-10"® mol dm affected by the purity of the cyclohexane. Briefly, we observed
anthracene in cyclohexane the light flux dependence of the dci5t the decay of the signal induced by the 532 nm pulse
conductivity signal from solvent radical cation indicated that depended on the time elapsed after the purification of the
its production is a three-photon process. The first two photons, sojvent. Most of the results were obtained with solvent for
absorbed by the ground state of anthracene and the first excitedynich more than a few days had elapsed. Freshly purified
singlet state, sequentially, result in ionization of anthracene. The gq1yent was observed to result in slower decay of the conductiv-
third photon was proposed to be absorbed by the anthracengy,  Analysis of these results indicates that an equilibrium is
radical cation, resulting in production of cyclohexandy still required to explain the bimodal decay, but the equilibrium
electron transfer from the solvent to the aromatic ion. Due to g required to involve an impurityX, which acts as a shallow
extremely rapid hopping of the charge between the neighboring yrap as shown in reaction (1). Because the effect of this impurity
cyclohexane molecules, the solvent radical cation (also referredncreases with time after purification, it is likely to be a result
to as a high mobility ion, HMI) exhibits a mobility that is ca. 4 5 sjow oxidation process. Attempts to identify it have so
50 times greater than the mobility of other molecular ions in t3, peen unsuccessful.
this liquid2=6 In high purity cyclohexane, the lifetime of the
HMI is ~500 ns and its mobility is (1:61.8) x 1072 cmé/(V s
s)2 Thus, for cyclohexane, dc conductivity provides a sensitive ﬂ X == ﬂ Xt @
method of detecting solvent radical cations in a solution that

contains many other ions and excited molecéles. The high mobility is due to rapid resonant charge transfer
In the present work, a second laser pulse was used to excitepetween the chair form radical cation and the chair form neutral
the aromatic ion with 2.3 eV (532 nm) photons several molecule (which accounts for all bat10 ppm of the cyclo-
microseconds after the first 248 nm pulse, thereby producing hexan&). We cannot be certain that our previous suggestion
the HMI. By determining the difference of the conductivity that reaction 2 contributes to the bimodal decay is invalid,
kinetics observed with and without the 532 nm pulse, it is pecause if it occurs, its contribution would not be determinable
possible to study the decay of the HMI in much detail. In ynless we knew, and were able to vary, the concentration of
previous experiments that did not use this “delayed pulse” impurity, X. In the purest samples, the combined concentrations

technique, i.e., using just the excimer laser pulse, this decay isof X and the twist/boat form of cyclohexane must be about 40
more difficult to study, even in the neat solvent, because the ;M to explain the observed signal decay.

decay of HMI by geminate recombination and by homogeneous

neutralization must be taken into account, and in addition, part .

of the conductivity is due to ions formed by the laser pulse that ﬂ + l\ﬂ — ﬂ + ‘\ﬂ* @)

are secondary ions that do not have high mobfitstill,

multiparameter fitting was used to unravel this complex kinetics. o . ) )

These earlier computer fitting results showed that for decalins  Before equilibrium is established, in several tens of nano-
the decay kinetics of free HMI was pseudo-first-order, but for S€conds, fast scavenging of HMI is observed. After the
cyclohexane bimodal decay kinetics was requfredn ex- equilibrium is established, the effective scavenging constant falls

. . . Cep _ i 2,4 i i i
planation was proposed which involved an equilibrium be- PY 2-3 times®* In this article we demonstrate how this
complex scavenging kinetics can be investigated using two-

color laser photoconductivity.
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was passed-45 times throu@ a 1 mcolumn of activated silica
gel. The purity was checked by the UV absorption and the
lifetime of HMI. Pulses of 248 nm photons (5 eV) from a
Lambda Physik LPX 120i laser0 ns fwhm,~30 mJ/pulse)
were used to produce the HMI in G@aturated solutions. GO
serves as an electron scavenger. The solutions were irradiated
in a cylindrical 15 mL Suprasil cell wit a 4 cmoptical path.
The cell has two rectangular 4 1.2 cm platinum electrodes
separated by 0.65 cm, to which a dc voltage of 5 kV was applied.
The signal due to the displacement current was amplified 100
times and acquired on a DSA-601 digitizing signal averager.
Except for the use of a different excimer laser, the techniques
related to the 248 nm excitation are the same as we have recently
described. . 532 nm 2 [ peerment
The 248 nm pulse entered the cell from one end; the optical N 0
system and apertures resulted in about 17 mJ per pulse over a gy F74F0 FTVEE CETIE0 ** %ons © * Gbons
2 x 5 mm area throughout the length of the cell. A 3 ns fwhm, time time after 532 nm pulse
~60 mJ pulse of 532 nm light from a Contlnuu_m Model 8010 Figure 1. (a) Change in the conductivity induced by the 532 nm laser
Nd:YAG laser entered the cell from the opposite end; the 532 ,se (40 mJ) from a Nd:YAG laser in two-color photolysis 08
nm beam is circular with a diameter of5 mm. The zone  10-¢ mol dnv3 triphenylene in C@saturated cyclohexane. A 20 ns
irradiated by both lasers was exposed-0.17 J cm? of 248 pulse (248 nm, 30 mJ) occurred at time shown by a broad arrow; the
nm light and~0.3 J cnt2 of 532 nm light. Both lasers were 532 nm pulse was applied after (i) 30 ns, (ii) 270 ns (shown by an
run at 2 Hz; the jitter between the positions in time of the two arrow), and (iii) 2us. The change in the conductivity is due to formation

P : ; ; of HMI by photoexcitation of the triphenylene radical cation. (b) Trace
pulses was cat:3 ns. This jitter determines the time resolution iii from (a); the conductivity induced by the 248 nm pulse is subtracted.

of the klne_tlcs prese_nted here. F_Or data CO!IeCt'On’ the DSA- The difference trace (the decay kinetics of HMI) is fit by a sum of two
601 was triggered either by a portion of the light from the 248 exponentials. The slow component with a lifetime of 260 ns is given
nm pulse (to observe the signal induced by it and the delayed by the broken line; the fast component has a lifetime of 30 ns.
signal induced by the 532 nm pulse) or by the 532 nm light (to ] ) ]
observe the signal induced by the 532 nm pulse). In the former However, a two-photon process can also fit the observations if
case, the signal could be observed with just the 248 nm pulsethe lifetime of an intermediate state ¢Ar) of the aromatic,

or with both pulses. In the latter case, a subtraction was doneProduced by the first 532 nm photon , is about 4 ns, and if the
with the digitizer: the signal using just the 248 nm pulse duantum yield for producing HMI when this state absorbs the
(blocking the 532 nm pulse from the cell with a shutter) was Second 532 nm photon is about 0.01. This ambiguity arises
subtracted from the signal obtained with both pulses. Each Mainly because of the high flux of 2.3 eV light relative to the
difference signal presented here was obtained by averaging theconcentration of the aromatic radical cation.
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results from three samples; each sample receivee?48 nm The HMI (solvent hole) produced by the 532 nm light by
pulses and 8532 nm pulses, the 532 nm pulses occurring at a charge transfer from the excited aromatic radical cation migrates
predetermined delay after every second 248 nm pulse. 2—3 nm away from the transfer site before thermalization. Upon

thermalization (which occurs in-12 ps), the charge on the hole
will sometimes return to the aromatic molecule formed in the
transfer; this process results in the regeneration of the ions of
Photophysics. CO,-saturated cyclohexane containing aro- the aromatic molecule. This geminate reaction is overin
matic solutes whose radical cations have significant absorptionns® Those HMI that escape this geminate recombination can
at 532 nn, such as triphenylene (Tp), biphenyl, fluoranthene, eventually react homogeneously with aromatic solute and
and anthracene, were pulsed with 248 nm light. The 532 nm impurity (~10-5 mol dnm3). The concentration of free ions in
pulse was introduced several microseconds later. At these delayour laser experiment (at the time of 532 nm laser pulse) is on
times, most HMI generated by the first pulse from the excimer the order of 168 mol dn13, and the second-order neutralization
laser have been scavenged by the aromatic solute and impurity. of HMI can be neglected. In addition to the occurrence of
The geminate decay due to charge recombination with anions“hole injection” in cyclohexane, we have observed, using the
is also essentially complet@d. The photoexcitation with the  techniques described above, the same process in two other
2.3 eV light promotes the transfer of the valence band electron liquids, decalin and isooctane.
from the solvent to the aromatic ion; the photophysics and Decay Kinetics. Figure 1a shows typical kinetics obtained
energetics of this process will be a subject of a future in the two-color experiment. The 532 nm light is absorbed by
publication. We believe that, following the transfer, a short- an aromatic ion created by the 248 nm pulse yielding a
lived highly mobile “intrinsic” hole with excess energy of at conductivity signal from HMI, which then “converges” to the
least a few tenths of an electronvolt is formed. From the conductivity from ions of the original mobility. The conductiv-
magnitude of the signals observed, we estimate that less tharity signal induced by the 532 nm laser pulse is a large fraction
10% of the aromatic radical cations are converted to HMI at of the signal induced by the 248 nm pulse. The amplitude of
the highest 532 nm intensity used. For most solutes used, athe 532 nm signal correlates qualitatively with the absorbance
single 2.3 eV photon can produce a hole with-015eV excess expected for the aromatic radical cations that were produced
energy. However, for perylene one photon should not be from the aromatics listed earlier; this signal is linear with the
sufficient to ionize cyclohexane. The signal from all solutes is photon flux. The 532 nm pulse alone was determined to
linear with and proportional to the light flux between 0.02 and produce no conductivity signal in any of the systems studied.
0.2 J cnt?, within experimental error. Simulations have been The possibility exists that the 532 nm pulse could ionize a
made which show that if the production of HMI is a single- neutral product from the 248 nm pulse, for example, an aromatic
photon process, a quantum yield of just a few percent is required.singlet or triplet state. The occurrence of this can be ruled out

Results and Discussion
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TABLE 1: Rate Constants for Reaction of the Cyclohexane SCHEME 1: Scavenging Kinetics of Solvent Radical

Radical Cation with Various Reactants at 296 K Cations in Cyclohexane
kHM,S X 1011, I(HM,S X 10111 HMI ki k2
reactant, S moltdmist reactant, S mol~tdmés? Xt — vy*
triphenylené 4.2 decalif 3.8 ; K-q
anthracenfe 3.6 cyclohexene 2.3
bipheny? 4.2 2-propanol 1.4 kum | S; Im . S, Im | knp
fluoranthené 3.1 cyclohexene oxide 3.1 S +
perylené 3.3 triethylamine 1.8 orim
benzene 3.0

of the solvent radical cation ar¥t™, a normally diffusing ion

2 Obtained by multitrace fitting of the scavenging kinetics using ed (gcheme 1). The evolution of their concentrations is aiven b
7 with kyp = 1.5 x 10" mol~* dm?® s™1. The estimated accuracy of ( ) 9 y

these values ise£10%. The 532 nm pulse was delayed by2us
relative to the 248 nm puls€Was used both as a scavenger and a
photosensitizert 67% cis, 33% trans.

d[HMIdt = —(k, + k)[HMI] +k_[X™]  (3)

_ _ . d[X")/dt = k[HMI] — (k_; + k)[X™] (4)
because the decay of the difference signal does not exhibit the
expected geminate decay (of €O0with the cation that would k= + +
have to be produced) followed by second-order ion recombina- 3= K ofS K 7ol TP + kg ®)
tion; also, the 532 nm pulse produced no “permanent” change _
in conductivity, i.e., no net change in the free ion concentration ke =k + kyo([S] + [Im] + [Tp]) ©6)
resulted. Furthermore, the fact that the difference signal does ks = Ky o [IM] @

M,Im

not decrease appreciably when the delay between the pulses is
changed from 10 ns to several microseconds rules out ionization
of an aromatic singlet state. Involvement of aromatic triplet
states was ruled out by experiments where the triplet quencher
O,, was used instead of GQand the difference signal for a
2—15 us delay was not eliminated.

Figure 1b shows the difference trace obtained as described
in the Experimental Section. The 532 nm pulse was applied 2
us after the 248 nm pulse. Because the additional conductivity
induced by the 532 nm photons is entirely due to the HMI (and
is proportional to its concentration), the trace in Figure 1b
represents the decay kinetics of HMI. This decay is not
monoexponential, that is, the decay kinetics of HMI in cyclo-
hexane is not, as was believed in the Féqiseudo-first-order.

where the thredym’'s andkyp are scavenging rate constants
for high mobility and normally diffusing forms, respectively,
'with added scavenger, [S], any impurity, [Im] (which is a
permanent trap for HMI, in contrast tX), and aromatic
photosensitizer, [Tplk: is the rate of transformation of** to

a normally diffusing ion that can no longer transfer charge to
cyclohexane. Fokyp we assumed 1.5 10 mol~t dm? s74,
typical for a diffusion-controlled scavenging reaction in
cyclohexané® Let us introducer = (k; + k-1)71, the time
constant of the equilibrium, and = ky/k—;, the “equilibrium
constant”. Note thak; is actuallykym x[X], and thereforeK
andr depend onX] as we have observed in experiments where
better purification, which reduceX], causes the decay of the

We founq that the kinetics can be fit .by a sum of tWO. conductivity to be slower and thereby alters the valueX of
exponential functions, at any concentration of the aromatic andz. The solution of eqs 3 and 4 gives

sensitizer and added scavenger. For the data shown in Figure
1b for cyclohexane solution with & 10°® mol dm™ of [HMI)/[HMI] ., = const exp{-kd) + (1 — const) expt-kt)
triphenylene, the fast component has a lifetime of ca. 30 ns 8)
(corresponding to reactions depleting HMI during the approach

to equilibrium), and the slow component has the lifetime of wherekis = (z71 + ks + k4 = r)/2 are the rate constants of the
260 ns (corresponding to the disappearance of HMI after fast and slow components, respectively, constk_; + ks —
equilibrium is established). The latter lifetime is somewhat kJ)/r, and

shorter than the lifetime of HMI in neat cyclohexane. This is

expected, since the aromatic solutes are known to react with r={(r "+ ks + k))® — 4(k_ ks + kik, + kgk)} 2 (9)

HMI in cyclohexane (our measurements give the scavenging

constants ca. 4< 10 mol™! dm?® s for low-IP aromatic Analysis of eq 7 shows that a family of decay curves for
solutes, Table 1). The fast component has a lifetime that is different scavenger concentrations [S] (see Figure 2) cannot be
close to the lifetime, determined by transient absorption spec- fit in a single way. While the scavenging constakis s and
trophotometry, for charge transfer from HMI to aromatic solute kuw,tp can be found unambiguously, the valueskofand ¢
molecules! As is emphasized above, the fast component cannot depend onX], [Im], and the value ok,. The scavenging of
result from the geminate reaction of HMI with the parent HMI by impurity Im shifts the equilibrium to the left side, while

aromatic molecule, as this reaction is complete in £ rs. the transformation oK** by k; shifts it to the right side. To
refs 2 and 4, we argued that the lifetime of the fast component compensate for these shifts, the equilibrium constant must be
is close to the relaxation time of the equilibrium. changed accordingly. Lower valueskftesult ifk, = 0; higher

Biexponential scavenging kinetics of HMI in cyclohexane values result if [Im]= 0. Because of the involvement of the
can be understood quantitatively in terms of an equilibrium impurity X, the significance of the experimental valueskof
model similar to that suggested in refs2. Bearing in mind andr is diminished, and we give only values determined from
that the concentrations of free ions in our experiments-di@ 8 results on scavenging of the HMI as a function of [triphenylene]
mol dm 3, it may be seen that reaction 1 cannot change the to show the trends. Fixing, = 0, the results of the fitting
concentration oK (or of the twist/boat cyclohexane molecule, gaveK ~ 0.2 andr ~ 100 ns for the higher purity solvent and
if reaction 2 is involved) to an appreciable extent, because the K ~ 0.4 andr ~ 50 ns for the less pure solvent (smallXq).
concentration oX must be more than 2 orders of magnitude Fixing [Im] = 0, the results of the fitting gaué ~ 1 andz ~
higher to give the observed decay kinetics. Therefore, equi- 120 ns for the higher purity solvent akd~ 0.8 andr ~ 50 ns
librium (1) can be reduced to that between the chair form (HMI) for the lower purity.
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Figure 2. Multitrace fitting of the scavenging kinetics using eq 7, for

a family of difference traces obtained by 532 nm photolysis of 8
107 mol dn12 triphenylene with variable amounts of decalin, a good
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The biexponential decay of the conductivity signal from the
high mobility cyclohexane cation is shown to be consistent with
the existence of an equilibrium between this cation and an ion
of a shallow hole trap (impurity ion or a conformer ion).
Establishment of this equilibrium is responsible for a fast
component in the decay of the high mobility ion, as we proposed
on the basis of observations on the pulse radiolysis of cyclo-
hexane solution$.
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