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High Mobility Solvent Holes in Methylcyclohexane
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Using time-resolved dc photoconductivity, the migration patterns and reactions of solvent hole in liquid
methylcyclohexane between 230 and 350 K have been studied. It is shown that solvent holes in liquid
methylcyclohexane are reversibly scavenged by solutes whose liquid-state ionization potentials-@/& 0.2

eV below that of the solvent. The reversible electron transfer is driven mainly by the reaction heat (60
90%); further decrease in the free energy is due to increase in entropy following the destruction of solvent
structure around the hole. Between 133 and 360 K, the solvent hole diffuses with activation energy of 7.8
kJ/mol; the fastest electron-transfer reactions (ca.»8.Z0'° M~1 s* at 25°C) have activation energies
between 3.9 and 5.3 kJ/mol (250 to 350 K). Unusually large scavenging radii3 &, were obtained for

these charge-transfer reactions.

1. Introduction by trans-decalin was 3.9 0.2 kJ/moP Using our data on the

. o hole scavenging constarftend hole mobility determined by
Methylcyclohexane is one of several hydrocarbon liquids that \y/3rmart and Bihler and co-worker33 leads to reaction radii

can be studied under cryogenic conditions. It is the only such \yo1 over 1 nm. Since these reaction radii seemed to be too
liquid that yields long-lived high-mobility solvent holes upon large, we speculatéd that the hole mobility was underesti-
ionization. This unique combination of physical properties p5ieq. Indeed, as the solvent hole may not be the only cation
provides an opportunity to study hole migration over a suf- generated by a radiolytic pulse (electronically excited holes
ficiently wide temperature range. fragment and thermalized holes react with radiolytic products
ngh m0b|||ty SO|Vent hOIeS in methy|cyC|Ohexane have not in Spurs y|e|d|ng Secondary ions in |ess than 16rm)e a|WayS
been studied as thoroughly as similar species in cyclohexanepptains dower limit for the solvent hole mobility. In this work,
and cis- and trans-decalins:™® A long-lived (~1 us), high e revise both the kinetic and the mobility data for the solvent
mobility (un ~ 2.6 x 1073 cn?/(V s)) solvent hole in room-  pojes in methylcyclohexane.
temperature methylcyclohexane was discovered by Wafman.
Pulse radiolysistime-resolved microwave conductivity was
used to observe these holes. Later orhlBuand co-workefs®
used pulse radiolysistransient absorption spectroscopy to
observe the holes in room-temperature and supercooled meth
ylcyclohexane. From the analysis of recombination kinetics at
20 °C2 the sumDy + D- of the diffusion coefficients for the
solvent hole and the counteranion in¢saturated methylcy-
clohexane was estimated to be 8.2410°5 cm?/s2 Using the
molecular ion mobility ofui = us + u— ~ 9 x 1074 cn?/(V
s)t and assuming that the anion mobility~ui/2, this estimate
yieldsun ~ 2.8 x 1073 cn?/(V s), in reasonable agreement with
Warman'’s result.

Buhler and co-workers also estimated the lifetine1Q0
usy-3 and mobility? of the solvent hole in supercooled meth-
ylcyclohexane (133153 K). Over this temperature range, the
activation energy for solvent hole diffusion was #60.5 kJ/
mol, which is lower than the activation energy for diffusion of
molecular ions (16-13 kJ/mol)®

We have previously measured several reaction constants for
methylcyclohexarteg at 25 °C* and obtained temperature
dependencies for hole migration and reactivity at-2300 K>
In this temperature range, the activation energy of hole migration
was 6+ 1 kJ/moP and the activation energy for hole scavenging

First, we demonstrate that some electron donor solutes that
appeared to scavenge the solvent hole slbiig fact exhibit
biexponential hole scavenging kinetics indicative of a reversible
reaction. High mobility solvent holes in liquid cyclohex&aead
cis- andtrans-decaling are known to participate in two types
of reversible scavenging reactions: (i) electron trariséerd
(i) metastable complex formation (the latter reaction is followed
by proton transfer§.In this study, reversible reactions of the
first type are shown to occur for methylcyclohexahen such
reactions, the forward electron-transfer proceeds as fast as that
for low-IP aromatic solute$? implying large reaction radii.

Second, using multiphoton laser ionization and hole injeetion
for “clean” generation of methylcyclohexare we obtained
more accurate estimates for the solvent hole mobility and its
temperature dependence. Remarkably, our results are consistent
with the previous estimates of the hole mobility in radiolytic
experiment$:23Thus, our data further support the case for large
reaction radii for hole scavenging in methylcyclohexane.

2. Experimental Section

The methylcyclohexane obtained from Aldrich contained
0.042 vol % of toluene and 0.02 vol % of dimethylcyclohexane
isomers along with many other hydrocarbon impurities (mainly,

. . . polymethylated cyclohexanes and cyclopentanes). Toluene and

"'Work performed under the auspices of the Office of Basic Energy traces of olefins were removed by multiple passage of the
Sciences, Division of Chemical Science, U.S. Department of Energy, under . .

Contract No. W-31-109-ENG-38. solvent through activated silica gel. The solvent was further
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treatment, the impurity-limited lifetime of the solvent hole was 2 * 4
620 ns (at 25C). b
The experimental setup was the same as that used in ref 8. S —
The main improvement as compared to refs 4 and 5 is 10-fold 25 30 35 40 45 50

increase in the flux of the 2.33 eV photons; this increase resulted
in 5-fold improvement in the signal-to-noise ratio. Another

improvement is that the temperature range has been increased{i9ure 1. Arrhenius plots of the rate constaky (corrected for the
by a factor of 2 £120°C to +85 °C) thermal expansion of the solvent) for scavenging of methylcyclohexane

. hole by toluene; temperature dependence of the gashown in the
Briefly, a 15 ns fwhm, 5 eV laser pulse (0.1 JRmwas used same plot (see the text).

to photoionize 1M triphenylene in C@-saturated methyl-
cyclohexane. Triphenyletie was subsequently photoexcited
using a 6 nsfwhm, 2.33 eV pulse from a second laser (62
Jicn?) which was fired 2us after the 5 eV pulse. The dc ]
conductivity tracesron andogi Obtained with and without the 107 4
second 2.33 eV pulse were subtracted and normalizeshby ]
The quantityy = (gon — 0off)/0oft IS proportional to the product 2 ]
un/ui [H], where [H] is the concentration of free solvent holes £ 10° 4
generated in oxidation of the solvent by photoexcited tri- s ]
phenyleng" andun/ui is the ratio of the solvent hole mobility

and the sumy; of molecular cation (triphenyleri® and anion 10
(CO7) mobilities. For more detail, see ref 8. Since triphenylene

donates an electron to methylcyclohexarfein 10 uM tri-

1000/T, K ™

4 | USSR SR R SR Y ET SO SR WU UV SR S S |

10°

phenylene solution the lifetime of the hole is shortened to ca. 10 T T — T
300 ns. 3.0 4.0 5.0 6.0 7.0
The decay kineticg(t) of free solvent holes were exponential 1000T, K

for some scavengers (such as aromatic hydrocarbons andrigure 2. Diffusion coefficients for various species in liquid meth-
aliphatic alcohols) and biexponential for others (e.g., bicycloal- ylcyclohexane: (1) self-diffusion (calculated using the Stekemistein
kanes). Biexponential kinetics were also observed abov€50  formula from the viscosity data of ref 15); (2) triethylamfhefrom
in neatmethylcyclohexane before the solvent was purified by g}ﬁu2gﬁ‘gg;jf?:iterfg”gfi’g;'gg’efZtnad cgéefllf’;n?c)é t:‘:S;:C”t}\SIeICJ
; iotillati ic indi 2 12, )

Irhzcitfgr;aqlmd;?gilﬁtg)or:\./ ;??chgzgﬁ?ng;;%hzv i?r?zlg\s/:asr;%ﬁtgfs gsee the Supporting Inforrpation); (6) the sum of diffusion coefficients

! : ) - o ' or norbornadierg and O~ at 133 K (ref 2); (7)Dx calculated from
bi- and tricycloalkanes with high boiling points. Some of these our conductivity data; (8P, + D- obtained in ref 2 (filled circles,
compounds are capable of reversible trapping of the solvent N,O-saturated; empty circles, G®aturated methylcyclohexane).
hole on the microsecond time scale.

) ) 3.1. Second-Order ScavengindJnlike trans-decalin, which
3. Results and Discussion was used in our previous stulyoluene is a sufficiently deep
The exothermicity of electron-transfer reaction 1 (Scheme trap for the solvent hole to prohibit backward electron transfer

1) is given by the differencalPyq in the liquid-phase ionization ~ ON the microgecond time scale over the entire liquid range of
potentials of the solvent and the electron donor solute S. Using the solvent. Figure 1 shows the Arrhenius plot for second-order

the Born formula for polarization energy, scavenging constakg and ratioyo (which isy att = 0 corrected
by the decay of the hole during the 2.33 eV pulse). After the
AP, ~ AIP, — (1 — Ye) (s soment— s soud (2) correction for thermal expansion of the solvent, the activation

energy of hole scavenging by toluene is 3:220.15 kJ/mol,
close to our previous estimatéssuming that the quantum yield

(that were equated with the molecular radii), ahtP is the of photooxidation is temperature-independent (as determined

. i ) L e .
difference in the corresponding adiabatic gas-phase ionizationfor sol\_/ent_ holes irtrans- and C|s-d_ecaI|n), o we obtain that
potentials. Using the gas-phase 3 and molecular volume "€ activation energy for the/u; ratio (U yo) is — (6.1+ 0.3)
datd! in the literature, the estimate faxIPyq is 0.23 eV for kJ/mol. Using the estimate of 119 0.4 kJ/mol for activation
iso-propylcyclohexane, 0.28 eV fdransdecalin, 0.52 eV for ~ €nergy for;,° the activation energy of hole mobility is 5:8
benzene, and 0.86 eV for toluene. Solutes that exhibit biexpo- 0.7 kJ/mol. When the hole mobility, is converted to the
nential scavenging kinetics are those wiiPjq < 0.3 eV: if diffusion coefficientDy = (kT/e)un, one obtains the activation
the reaction is more exothermic, the backward transfer is too energy forDy of 7.9 kd/mol (Figure 2, trace 7), which is close
slow to result in biexponential scavenging kinetics on the to the activation energy for solvent hole diffusion in supercooled
microsecond time scale. methylcyclohexane, 7.6 0.5 kJ/mol (Figure 2, trace 8).

wheree ~ 2 is the dielectric constant, are the cation radii
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Figure 3. Decay kinetics of the 2.33 eV laser-induced photoconductiv- Figure 4. Decay kinetics of the 2.33 eV laser-induced photoconductiv-

ity (ratios ~ are defined in the text) for scavenging the methylcyclo- ity for scavenging the methylcyclohexane holeigy-propylcyclohex-

hexane hole byrans-decalin at (a) 22C, (b) 35°C, (c) 50°C, (d) 64 ane at (a)-20°C, (b)—2 °C, (c) 22°C, (d) 40°C, and (e) 60C. The

°C, and (e) 80C. The solute concentrations are 0, 16 (shown for sets solute concentrations are 0, @M (not shown in e), 125, 320, 630,

b and d only), 32, 63, 160, and 320/. and 95QuM (not shown in b)). In set a, the solute concentrations were
0, 64uM, 320 uM, 1.37 mM, and 3.2 mM.

For toluene and benzene, the scavenging congtaat 25

i i L 1 L 2 1

L

°C is (8.7+ 0.15) x 101 M1 s L and (7.68+ 0.22) x 1010 "o 107 ] e I
M~1 s71, respectively’. Proton donors are nearly as efficient . 10 ————
scavengers as these low-IP hole acceptors: Higher aliphatic Eﬁ 101 i
alcohols scavenge the hole approximately as rapidly as aromatic t 10°- 5
solutes ((7.68 0.13) x 10 M~ s71 for tert-butanol), while g 8 | \
lower alcohols scavenge twice slower ((4:9.3) x 1019 M1 5 10 , PrT————
s 1 for 2-propanol and (5t 0.4) x 10*® M~ s71 for ethanol; o 10 \ ® bicyclohexyl
25 °C). In other cycloalkane liquids, protonation of alcohols 5 10°4, a) I . ’I‘“”'°"I"°"IV'°”'°'°I“:“"9
also occurreo! 30650% slower as compared to the electron- 25 3.0 3.5 4.0 45
transfer reaction$?8:12 1000T. K ™

We also observed slow reactions of methylcyclohexXawith ’
hydrocarbons wittAIPjiq < 0.2 eV, such as dimethylcyclohex- 108" mammm—
anes (present in the solvent as impurity). For exampge],3- %
dimethylcyclohexane scavenges the hole with rate constant (1.28 5
+0.08) x 10° M~1s 1 at 25°C (with activation energy ca. 5.1 - 107 i
kJ/mol); this corresponds to 1.5% of the diffusion-controlled ' .
rate. Similarly slow scavenging was observedtfans-1,2- and 10 - r
trans-1,3-dimethylcyclohexane; all of these rate constants are b)
so low that it is likely that the scavenging is actually due to o
low-IP impurity in the solute. 25 3.0 35 4.0 4.5

3.2. Reversible Scavenging-or solutes withIP;q between 1
0.2 and 0.3 eV, scavenging kinetics were biexponential (e.g., 1000/T, K

Figures 3 and 4)Transdecalin (Figure 3) and bicyclohexyl  Figure 5. (a) Arrhenius plots for rate constants (solid symbéisind
(not shown) have relatively low ionization potentials, and for gi’gp(tt%i?r’]mlzcs")?gg f?(; (Cizc'gfg;’:‘;:riecg)';”ﬁg?ﬂ (e)?f) b;g{:'?;‘rem;
these two solutes the biexponentiality becomes apparent onIyequilibria gonstan:g( i’ykj'(il in the same scavengingpreactions.

at elevated temperatures (e.g., traces (d) and (e)), whereas for

iso-propylcyclohexane the kinetics are clearly biexponential even equilibrium constanteq = ki/k-1; the activation energies and
at —20 °C (Figure 4). These biexponential kinetics were thermodynamic potentials are given in Table 1.

simulated in terms of Scheme 1, in whighandk-; are the While for bicyclohexyl andrans-decalin the forward reaction
rate constants of forward and backward electron-transfer reaction1 is as fast as that for toluene (and has slightly higher activation
1, ko is the pseudo-first-order rate constant for reaction of the energy of 5.3+ 1 kJ/mol), foriso-propylcyclohexane reaction
solvent hole with impurity in the solvent and is a similar 1 is 30% slower. This must be due to low&G° for electron
rate constant for'S. Figure 5 demonstrates Arrhenius plots for transfer (Table 1). The relative decrease in the reaction keat (
rate constants; and k-; and a van't Hoff plot for the 6 kJ/mol) is close to that estimated frafviPjiq (ca. 5 kJ/mol).
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TABLE 1: Activation Energies and Standard temperature (scavenging constants for toluene are given in
Thermodynamic Potentials for Reaction 1 in Liquid Figure 1, diffusion coefficients- in Figure 2). E.g., at-42
Methylcyclohexane °C, the ratioy = 2.7 (vsy° = 1.24 at 25°C), ks = (5.87 &
solute Ea(ki)? Ea(k-1)? —AHOP  —AGPP A 0.14) x 10°°M~1s% andu+ = 5.6 x 1075 cn?/(V s) (Vvsu+°
isopropyl =0 19.941.8 20£2 21+35 446 = 2.65 x 1074 cm?/(V s) at 25°C).5 Therefore unun’® = (x/
cyclohexane %°) (wilui®) ~ 0.46 andun ~ 1.2 x 103 cn?/(V s), orDp ~ 2.3

transdecalin 5.3+ 0.3 31.2+1.1 26+ 15 33.5+25 25+4

: . ) ;
bicyclohexyl 53+ 1 29.6+ 1.3 24414 3443 325405 x 1075 cm?/s. Then, one obtains an electron-transfer raliis

(47Dyp) ~ 3.3 nm.

. a Activation energy, kJ/m(_)It.’ Standard heat andldriving force at 25 From the data in ref 11, van der Waals radii of ethatest-

C, ka/mol.¢ Standard reaction entropy, J moK™. butanol, and methylcyclohexane are, respectively, 0.322, 0.374,
and 0.408 nm; therefore, the expected reaction radii of proton
transfer are 0.73 to 0.78 nm, in a reasonable agreement with
the experiment. However, the reaction radii of the fastest

electron transfers are 2 to 4 times larger than the sum of the
molecular radii. One way to account for this discrepancy is to

assume a delocalization of the solvent hole, as previously

Interestingly, for bicyclohexyl antérans-decalin, the electron
transfer causes substantial increase in the entropy. A similar
increase was observed in reactions of solvent holessirand
trans-decalin® we explained it through disordering the solvent
around a hole polaron after its neutralization.

3_.3. Hole Mob_|I|ty at 25°C. Bgcause laser photoionization, suggested by Warman.
unlike pulse radiolysis, should yield very few prompt fragment S s . .
and secondary cations, we used the single-pulse dc conductivity P'”'.ng and Ricé? suggested a formula for the reaction radius
technique in ref 12 to obtain an independent estimate,ofn of a diffusion-controlled electron transfeR = 1 (1.15+ In |

this experiment, two-photon ionization of the solvent occurred 50 / %ﬂz])’ W?e;‘e K(r) =I Ko exp (fr) is the d:sta;\(():e
using 5 eV photons (IR is 8.8 eV)13 At 25 °C, a mobility of ependence of the tunneling rate constant (typicallyy

(2.30 + 0.16) x 1072 c?/(V s) for the solvent hole was nm~1). Fitting this formula to our data over entire temperature

. . e
obtained. This estimate compares favorably with those given [?ngelg;glq? tlrf1eh0|c;]t|rlnum E_ell_rameté S llli 0.1 nm z;nd
in refs 1 and 2 suggesting that in room-temperature radiolysis [}~ s~ If the hole mobility were twice larger (see above),

-1 ~ 0g1

of methylcyclohexane, the fragmentation of the hole is inef- the vglues would bg . 0.54 nm ando ~ 4 ><.101 s In
ficient. the S|mplesl'52f0rmulat|on of.the electron-.tunnelln.g theqﬁﬁ

Still, there is a possibility that the fragmentation also occurs ]SB Me IA E)*h, wl_herslAENl% ghe tulnneln?é; bbarr|é1‘_! Ifl th|tst
in photoionization. To obtain thepperestimate fop,, we used tﬁmlu a va(_are abpp ica 2‘?8” v nnT = would be equivalent to
a method that does not require the knowledge of the solvent € tunneting .arner 9 mev. .
hole yield. After photoinjection, the solvent hole decays both 32? Comparison with Low-Temperature Pulse Radioly-
in reaction with a scavenger and by recombination with negative Sis*> Supercooled methylcyclohexane studied in refs 2 and 3
ions. The latter reaction i& = (un + «_)/w times faster than ~ Was stabilized due to the cryoscopic effect of dissolved gases,
recombination of normally diffusing cations. As described in C©2 (0.07 M) and NO (0.118 M), which reduced the melting
ref 8a, the observed decay constegt of the hole decay after ~ Point of the solvent from 146 to 127 K and 133 K, respec-
hole injection can be approximated Byps ~ ks + 0.85 v ki, tively.23 To estimate the diffusion coefficienB; of molecular
wherek, is an “average” pseudo-first-order rate of molecular 10nS in this solvent, Buler and co-workers used the Stokes
ion recombination (which may be determined from the dc Einstein formula; the viscosity was extrapolated from the data
conductivity data) andks is the rate of reaction with the in ref 15 for pure methylcyclohexane (Figure 2, trace 1). To
scavenger. If both of these rate constants are varied in abetter estimatd;, we studied diffusion-controlled quenching

controlled fashion, one can separétgs into two terms and ~ Of pyrene fluorescence with GH, I, and Q in CO.-saturated
determiner. methylcyclohexane vs temperature (Figure 2, traces 3 to 5,
To this end, we used a scavenger (triphenylene) that is arespectively; for more o_letail, see the_Supporting Information).
strong absorber of 5 eV photons: this solute serves both as aB€low 180 K, the diffusion ofdis 4.5 times faster; Ch, 1.8
photosensitizer and an inner filter. By addition 625 «M of times faster; and £) 6—15 times faster than that given by the

triphenylene, the yield of free ions was varied over a factor of Stokes-Einstein formula. The activation energies for diffusion
3. In this concentration rangé changed linearly with [tri- of these fluorescence quenchers are 9.9 kJ/mol to 12.6 kJ/mol;

phenylene] with a slope of 1.% 100 M~1 s7%, while Keps these activation energies increase by-600% below 165 K.
changed with a slope of 1.56 10 M~ s, The latter constant At 143 K, the sum of diffusion coefficients dpyrene* and @
is much higher than scavenging constants obtained for low-1P IS ~ 1.5 x 1077 c?/s; Bihler and co-workers obtained (0.88

solutes that are poor 5 eV light absorbers, such as benzene and 0-07) x 1077 cn?/s for the sum of diffusion coefficients of
toluene. Assuming that for triphenylelg~ 8.7 x 1010 M1 norbornadiene and O~ at 133 K. Though these diffusion

51 (as for toluene) we obtain~ 6.3 (at 25°C). From that, an coefficients are>10 times higher than calculated from the
estimate of theipperlimit for unis 5.2 x 10-3 cn?/(V s). Note Stoke_s—E!nsteln fo_rmula, they are still £520 times lower than
that all other methods give an estimate of thever limit for the diffusion coefficientdy, of the solvent holé.

this quantity. Ifu, actually has a value near this upper limit, In Figure 2, we superimpos®y calculated from our
about half of the methyl cyclohexane holes fragment in both conductivity data (trace 7) obtained with assumption that
radiolysis and the photoionization experiments being discussed.2.6 x 102 cn?/(V s) at 25°C, and the diffusion coefficients

3.4. Reaction Radii.Usingun ~ 2.6 x 10-3 cm?/(V s),.l we obtained in ref 2 (trace 8). It can be seen that extrapolation of
calculate that, at 25C, the reaction radii of proton transfer are  the conductivity data below 150 K yields the diffusion coef-
0.87 nm for ethanol, 0.85 nm for propanol, 1.33 nm fiext- ficients obtained in refs 2 and 3.

butanol; the reaction radii of electron transfer are 1.51 nm for  Despite this good agreement, there are certain discrepancies
toluene and 1.35 nm for benzene. Since the activation energybetween our results and those in refs 2 and 3. In particular,
for electron transfer isc 2 times lower than that foby (see extrapolating from our data, the impurity-limited lifetime of the
above), the latter two reaction radii are twice larger at lower solvent hole at 140 K must be4 us. This estimate compares
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favorably with 3us obtained for the lifetime of an “excited” Supporting Information Available: Quenching of pyrene
solvent hole identified in ref 3; however, as suggested by trace fluorescence in low-temperature methylcyclohexane. This mate-
8 of Figure 2, the long-lived “ground-state” héfecannot be a rial is available free of charge via the Internet at http:/
secondary (impurity) cation, because it migrates too rapidly. It pubs.acs.org.

was estimated that at 133 K this long-lived hole is scavenged
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