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Abstract: The recombination of the mobile charge carriers formed in pulse-ionized hexa-alkyl-substituted
hexa-peri-hexabenzocoronenes occurs mainly via intercolumnar electron tunneling through the intervening
hydrocarbon mantle. This is evidenced as a dramatic increase in the time scale of the decay of the radiation-
induced conductivity from a few hundred nanoseconds to close to a millisecond as the peripheral alkyl
substituents increase in size from 8 to 24 carbon atoms with corresponding disk diameters, D, from 23.4
to 36.6 A. The decay kinetics are a function only of the total number of peripheral carbon atoms with no
evidence for specific effects of chain branching. The 1/e decay time, 7e, increases exponentially with D
according to 7e = 7¢(0) exp(8D) with 7o(0) = 48 fs and 5 = 0.63 A2, Taking into account the tilted columnar
configuration of the molecules in the solid phase leads to a 8 value of ca. 0.8 A~ for the distance dependence
of intercolumnar electron tunneling. In contrast to the orders of magnitude changes in the time scale for
intercolumnar charge recombination, the intracolumnar charge hopping times vary by only a factor of 4,
between 40 and 160 fs, with no systematic dependence on the nature of the alkyl substituents. On the
basis of the results, the time scale estimated for electron tunneling across a 40 A thick lipid membrane is
estimated to be close to 1 ms.

Introduction (PR-TRMC), which has been applied to a large variety of

Discotic materials are composed of molecules with a central discotic materiald! In this method, a known concentration of
planar aromatic core to which long alkyl chains are attached at Narge carriers is produced by a nanosecond duration pulse of
the periphery. The molecules self-aggregate to form organized'on'z'ng radiation, and the mobility is determined from the end-

domains in which they are columnarly stacked with the columns of-pulse value of the resulting tra.msien.t conductivity. Where
arranged in a regular two-dimensional lattice. Rapid charge the same compounds have been investigated by both TOF and

transport can occur along the aromatic cores of the columns PR-TRMC techniques, good to reasonable agreement between

resulting in these materials being one-dimensional, coaxial the mobility values determined has been fo&i_ﬂa% )
semiconductors with an insulating alkane mantle separating the ~Part from an earllyi PR-TRMC study of discotic phthalo-
aromatic cores of neighboring columnar stacks. Because of theirCyanine derivativesi:i¢ little attention has been paid to the
potential application in molecular optoelectronic devices such SuPsequent, after pulse decay kinetics of the conductivity
as field-effect transistors, light-emitting diodes, and photovoltaic (3) Adam, D.; Schuhmacher, P.; Simmerer, J.; $tdinger, L.; Siemensmeyer,
cells, attention has been focused in the past on the intracolumnar K Etzbach. K. H.; Ringsdorf, H.; Haarer, Diature 1994 371, 141~
mobility of charge carriers. The direct measurement of individual (4) Boden, N.; Bushby, R. J.; Cammidge, A. N.; Clements, J.; Luo, R.;
electron and hole mobilities using time-of-flight (TOF) tech- Donoyan, K. JMol. Cryst. Lig. Cryst. Sci. Technol. Sect.,1895 261,
nigues has proven to be possible for only a few of the many (5) Bengs, H.; Closs, F.; Frey, T.; Funhoff, D.; Ringsdorf, H.; Siemensmeyer,

. . . . . . K. Lig. Cryst.1993 15, 565-574.
discotic materials which have been synthesized, mainly (6) Boden, N-; Bushby, R. J.; Clements, J.; Movaghar, B.; Donovan, K. J.;

hexaalkoxy- or hexaalkylthio-substituted derivatives of tri- . ﬁrekouzis, TEPng.BRz. Blr\?%BSthl)SZZeA_Jl-gZC?O' S 3 Movaghar. B
phenylené:10 A more universally applicable technique has been " Wood AJ. Mater. Chem1995 5, 21612165, o o aonah B

that of pulse-radiolysis time-resolved microwave conductivity (8) Kreouzis, T.; Donovan, K. J.; Boden, N.; Bushby, R. J.; Lozman, O. R.;
Liu, Q. J. Chem. Phys2001, 114, 1797-1802.

(9) Ochse, A.; Kettner, A.; Kopitzke, J.; Wendorff, J. H.; Bassler,Rfys.
Chem. Chem. Phy4999 1, 17571760.

T Delft University of Technology.

# Max-Planck-Institut fu Polymerforschung. (10) Boden, N.; Bushby, R. J.; Clements, J.; Donovan, K.; Movaghar, B.;
(1) Adam, D.; Closs, F.; Frey, T.; Funhoff, D.; Haarer, D.; Ringsdorf, H.; Kreouzis, T.Phys. Re. B 1998 58, 3063-3074.
Schumacher, P.; Siemensmeyer,ys. Re. Lett. 1993 70, 457—-460. (11) Warman, J. M.; van de Craats, A. Mlol. Cryst. Lig. Cryst.2003 396,
(2) Adam, D.; Haarer, D.; Closs, F.; Frey, T.; Funhoff, D.; Siemensmeyer, K.; 41-72.
Schumacher, P.; Ringsdorf, Ber. Bunsen-Ges. Phys. Chem. Chem. Phys. (12) van de Craats, A. M.; Warman, J. M.; de Haas, M. P.; Adam, D.; Simmerer,
1993 97, 1366-1370. J.; Haarer, D.; Schuhmacher, Rdv. Mater. 1996 8, 823-826.

10.1021/ja0532250 CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 14257—14262 m 14257



ARTICLES

Warman et al.

C6,2
M C8,2
SN NN C10
AP VNN C12

)i\/\/\/\//\/ C10,6
oo

Figure 1. The molecular structures of the hepari-hexabenzocoronene
(HBC) core and the peripheral alkyl substituents studied in the present work.
The molecules are denoted “HBQa@" in the text with “n” the length of

the longest alkyl chain andhf’ the length of a branched chain if present.

Table 1. The Molecular Weight, M, Disk Diameter, D, Charge
Mobility, Y u1p, Kinetic Dispersion Parameter, a, and Exponential
Decay Time, 7., Determined for Peripherally Substituted
Derivatives of Hexa-peri-hexabenzocoronene and Phthalocyanine

alkyl chain M (g) D2 (A) S uap? (Cm?V-s) of 7e® (us)
Hexa-alkyl-hexaperi-hexabenzocoronenes
C6,2 1182 23.4 0.26 0.22 0.24
C8,2 1350 25.4 0.50 0.22 0.49
C10 1350 25.4 0.43 0.28 0.32
C12 1518 26.8 0.70 0.33 1.55
Cl4 1686 29.0 1.00 0.46 6.80
C10,6 1854 30.7 0.72 0.39 24.20
C14,10 2526 36.6 0.48 0.47 840.00
Octa-alkoxy-phthalocyanines

OC6 1312 27.0 0.20 0.25 2.48
0C9 1648 30.7 0.30 0.25 23.90
0C12 1984 34.0 0.27 0.45 45.20
OC18 2656 39.8 0.20 0.70 1600.00

a Calculated using eq 4.For phthalocyanines, from data in ref FIFor
phthalocyanines, from data in ref 14.

a silica plug with hot toluene to remove inorganic impurii¢ghe
extremely long lifetimes of highly mobile charge carriers in these
compounds, found in the measurements presented below, are testimony
to the high purity of the materials, in particular with respect to charge-
trapping impurities. The self-purification associated with the formation
of the discotic columnar phase may also contribute to the long lifetimes
observed.

For pulse-radiolysis time-resolved microwave conductivity measure-
ments, the polycrystalline materials were contained in a Ka-band-(26.5
42 GHz) microwave cavity. For most of the compounds, the measure-
ments were carried out at room temperature. For the longer, branched
alkyl-chain derivatives (HBC-C10,6 and HBC-C14,10), the measure-
ments were made at®@ because the transition to the liquid crystalline

transients, which contains information on the recombination and/ or isotropic liquid phases occurs close to or only slightly above room
or trapping of the mobile charge carriers formed. In the present temperature.

report, we focus on this aspect of the results for a series of

linear and branched alkyl chain derivatives of h@eai-hexa-
benzocoronene (HBC). The results provide information on the
time scale for intercolumnar tunneling of electrons through the

intervening aliphatic hydrocarbon mantle. Because the nature

and interdigital configuration of the alkyl chain substituents
closely resemble those found in natural lipid bilayer structures,
we consider that the information gained may be relevant to
electron tunneling through biological membranes.

Experimental Section

The molecular structures of the hexa-alkyl-hgai-hexabenzo-

The samples were homogeneously ionized with a single 5 ns pulse
of 3 MeV electrons from a Van de Graaff accelerator. The energy
deposited in the sample per pulse was ca. 20 kJirhich resulted in
an initial concentration of charge carriers of cax L0?> m~2 (ca. 2x
1075 moles per liter). The transient change in the conductivity of the
sample was monitored as the temporary decrease in the microwave
power reflected by the sample. By using a transient digitizer with a
quasi-logarithmic timebase, transients could be digitally recorded for
times from nanoseconds to milliseconds using a single pulse from the
accelerator. Noise reduction could be achieved if required by averaging
several single-shot transients. A more detailed account of the technique
and method of data analysis has been given in a previous publi¢ation.

coronene compounds studied in the present work are shown in FigureResults and Discussion

1. Their methods of synthesis, purification, and structural and physical
characterization have been given in previous publicattori8. Apart
from HBC-C6,2, all of the compounds were highly soluble in organic
solvents. Because of this, inorganic and organic impurities could be
efficiently removed by column chromatography usingiexane as
eluent. The C6,2 derivative was purified by repeated filtering through

(13) Schouten, P. G.; Warman, J. M.; Gelinck, G. H.; Copyn, Ml.Phys.
Chem.1995 99, 11780-11793.

(14) Warman, J. M.; Schouten, P. G.; Gelinck, G. H.; de Haas, MCHam.
Phys.1996 212 183-192.

(15) Liu, C.-Y.; Fechtenkiter, A.; Watson, M. D.; Mien, K.; Bard, A. JChem.
Mater. 2003 15, 124-130.

(16) Fischbach, I.; Pakula, T.; Piotr, M.; Fechtéttko, A.; Mullen, K.; Spiess,
H. W.; Saalwahter, K.J. Phys. Chem. B002 106, 6408-6418.

(17) Ito, S.; Wehmeier, M.; Brand, J. D.;"lel, C.; Epsch, R.; Rabe, J. P.;
Millen, K. Chem.-Eur. J200Q 6, 4327-4342.

(18) Pisula, W.; Kastler, M.; Wasserfallen, D.; Pakula, T.;llo, K. J. Am.
Chem. Soc2004 126, 8074-8075.

(19) Kastler, M.; Pisula, W.; Wasserfallen, D.; Pakula, T.;llo, K. J. Am.
Chem. Soc2005 127, 4286-4296.
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Pulsed ionization of the peripherally alkyl-chain-substituted
hexaperi-hexabenzocoronene derivatives shown in Figure 1
results in the temporary formation of mobile charge carriers as
evidenced by readily measurable transient changes in conductiv-
ity. As mentioned in the Introduction, in previous reports the
interest in such measurements was mainly focused on the one-
dimensional, intracolumnar charge mobiliti®s1p, which can
be derived from the end-of-pulse value of the conductivity,
Adeqp!! The mobilities determined for the crystalline solid phase
of all of the HBC derivatives studied in the present work are
listed in Table 1.

The values ofy u1p are seen to vary by less than a factor of
4 from a high of 1.00 ciV-s for HBC-C14 to a low of 0.26
cm?/V-s for HBC-C6,2, with no systematic dependence on the
structure of the peripheral alkyl chains. These mobility values
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Figure 2. The temporal dependence of the conductivity, normalized to
the end-of-pulse value, on 5 ns pulsed ionization of the C6,2, C10,6, and
C14,10 derivatives of HBC, illustrating the dramatic increase in lifetime of
the charge carriers with increasing length of the alkyl chains. The smooth

curves were calculated using the stretched exponential time-dependence

given by eq 1.

correspond to intracolumnar charge hopping times of 40 and
160 fs, respectively. The relative insensitivity of the mobility
to the nature of the alkyl group substituents is as expected if
charge transport occurs within the columnarly stacked HBC
cores.

In the present report, we concentrate on the decay of the
conductivity with time following the pulse. In contrast to the
mobility, which is derived from the end-of-pulse conductivity,
the after-pulse decay is found to depend dramatically on the
nature of the alkyl chains. This is illustrated qualitatively by
the transients shown in Figures 2 and 3.
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Figure 3. Comparison of the temporal dependence of the conductivity,
normalized to the end-of-pulse value, on 5 ns pulsed ionization of the
straight-chain HBC-C10 and HBC-C14 derivatives with that for the
branched-chain compounds HBC-C10,6 and HBC-C14,10.
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The results in Figure 2 demonstrate the pronounced SyStematiCFigure 4. A schematic representation of the processes occurring after pulsed

increase in the time scale of the decay, from a few hundred
nanoseconds to almost a millisecond, as the length of the alkyl
main chain increases from 6 to 10 to 14 carbon atoms. In Figure

3, data are compared for derivatives with the same main chain

length but with and without an additional alkyl side chain. The
considerably longer decay times for the branched-chain com-
pounds clearly indicate that the decay is a function of the total
number of aliphatic carbon atoms rather than the length of the
longest chain.

An analogous dramatic increase in the time scale for the decay

of the radiation-induced conductivity was previously reported
for a series of octar-alkoxy-subsituted phthalocyanines with
chain lengths varying from 6 to 18 carbon atot#3? This was
explained by a mechanism in which the “long-lived”, after-pulse

lonization of the discotic materials studied in the present work.

conductivity was attributed to those electron hole pairs for which
the electron and the hole become localized on separate columnar
stacks. Their recombination is then retarded by the aliphatic
hydrocarbon mantle between the stacks and can only occur via
intercolumnar electron tunneling. The processes envisaged are
illustrated schematically in Figure 4.

In accordance with this explanation, the decay time was found
to obey an exponential dependence on the intercolumnar
distancet>29We conclude that the same explanation underlies
the systematic increase by 4 orders of magnitude in decay time

(20) Warman, J. M.; Schouten, P. 8ppl. Organomet. Chen1996 10, 637—
647.
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with increasing size of the peripheral alkyl substituents observed .= T{[5 x 10 9T]* + 1} 2)
for the present HBC derivatives. We consider an alternative ¢

explanation of such a dramatic systematic effect, in terms of The exponential decay times obtained are listed in Table 1
trapping of the mobile carriers by spurious impurities or domain together with the values of the dispersion parameter
boundaries, to be extremely unlikely. Of particular interest is the dependencergbn the distance

In the case of the discotic phthalocyanines, a marked decreaseyver which electron tunneling occurs. This distance should be
in the time scale of the conductivity decay was found on entering directly related to the effective diameter of the discotic
the liquid crystalline mesophase of the longest chain (octa- molecules,D, which can be estimated from the following
decoxy) derivativé32° This was attributed to the occurrence relationships for the molecular volume,
of intercolumnar diffusion of the molecules in the more fluid
phase providing an additional, more rapid pathway for charge V = 7D%d/4 = V,+ (M —MY/p Ny ©))
recombination than electron tunneling. This effect has also been
observed for the tetradecyl derivative of HBtBecause of this ~ from which,
added kinetic complication in the mesophase, we restrict the
discussion of the decay kinetics to the crystalline solid phase D = {4V, + (M — M)/p,N,J/rrcl} *° 4)
of the present compounds for which it can be reasonably
assumed that intercolumnar molecular diffusion plays no role. In €gs 3 and 4d is the disk thicknessy is the volume of the

As for the phthalocyanines, the decay of the conductivity for HBC core,M is the molecular weightMc is the molecular
the present compounds is highly dispersive and can be quiteWeight of the corepn is the density of the aliphatic mantle,
well described at long times using a stretched-exponential @1dNa is Avogadro's constant. The valueswandVc are taken
dependencé to be 3.5 A (the cofacial distance between the stacked aromatic

cores) and 410 A respectively, as determined by X-ray
Ao(t) = Ao(0) exp-(t/T)%] 1) diffraction” The value ofpy is taken to be 0.95 g/ctas
determined for the density of the intervening alkane regions

Best fits to the data in Figure 2 using eq 1 are shown as smoothfor a series of crystalline octa-alkoxy-substituted phthalocya-
calculated curves. As can be seen in the figure, approximately nines!3 The values oD derived are listed in Table 1.
20% of the end-of-pulse conductivity decays more rapidly than A similar method of calculation has been used to estimate
predicted by eq 1, over the first tens of nanoseconds following the intercolumnar distancey, in the orthogonally stacked,
the pulse. This “fast” component is attributed to those ionization hexagonal mesophase of a large number of discotic materials
events that result in the electron and hole being formed initially with a variety of aromatic core®.The values ofa (which is
on the same columnar stack. Such intracolumnar pairs are ablerelated toD in eq 4 bya? = 7D%2+/3) have been found to be
to recombine therefore without the necessity of intercolumnar in very good agreement with X-ray diffraction measurements
tunneling. The discussion that follows is concerned only with of the actual distances. In the case of crystalline materials, the
the major, long-time component of the conductivity decay that analysis of the X-ray data is extremely complicated because of
obeys eq 1. The fact that for a large fraction of initially formed the large number of sharp lines originating from the frozen
electron-hole pairs the electron and hole become localized on saturated hydrocarbon mantle. In addition, in the crystalline
separate columns, as illustrated in Figure 4, can be explainedphase of discotics, the molecules are invariably tilted with
by the relatively large electron thermalization distance when respect to the columnar axis, and a singular value of the
using high-energy, ionizing radiation. This has been determined intercolumnar distance, as found in the hexagonal mesophase,
to be 50 A or more in hydrocarbon medfa distance which is no longer applicable. This point will be discussed in more
is longer than even the largest intercolumnar distance in the detail below. The values of. for the HBC derivatives are
present materials. plotted (as®) against the calculated values DBfin Figure 5.

The underlying origin of the disperse nature of the decay As can be seen, the data obey a good linear dependence over
kinetics remains an intriguing theoretical problem, which is 4 orders of magnitude in time when plotted in a semilogarithmic
outside the scope of the present authors. We have, howeverfashion. This corresponds to an exponential dependencg of
previously suggested that this may be related to a distribution on D.
of alkyl chain configurations within the mantle particularly in
the central, interdigitated regidf This could possibly explain 7, = 7¢(0) exp{iD) 5)
why the dispersion parametertends to increase toward unity
(corresponding to a time-independent rate coefficient) as the ] ) e ;
alkyl chain length increases and relative contribution of the Straightline drawn through the points in Figure 5, is 0.63A
region of interdigitation decreases. with a preexppne_ntl_al factor af(0) = 48 fs. Interestingly, the

Equation 1 does not take into account the finite, 5 ns length Valu€ 0fze(0) is similar to the values of tens of femtoseconds
of the pulse used. Taking this into account, the time required found for the intracolumnar hopping times between adjacent

for the conductivity of the slow component to decay te af stacked cores derived from the charge mobilities.

its value at the end of the pulse, can be calculated, from the Also plotted in Figure 5 are values at for the room-
values of " and o determined from the best fits, using the temperature crystalline phases of ontatkoxy phthalocyanine
relationship compounds for whicli” anda. parameters have been published

previously** The values oD were calculated in the same way

The value of the paramet¢, derived from the slope of the

(21) van de Craats, A. M.; Warman, J. M.; Fechtétdq A.; Brand, J. D;
Harbison, M. A.; Millen, K. Adv. Mater. 1999 11, 1469-1472. (23) Pisula, W.; Tomovic, Z.; Simpson, C. D.; Kastler, M.; Pakula, T-jlbhy
(22) Schmidt, W. F.; Allen, A. OJ. Chem. Physl97Q 52, 2345-2351. K. Chem. Mater2005 17, 4296-4303.
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model donof-bridge—acceptor compounds in dilute solu-
tion.2526 Similar studies by Closs and Miller of long-distance
electron transfer within the radical ions of rigidly cyclic-
hydrocarbon-bridged aromatic moieties yielded an even higher
value of 0.95 A1 for .27 On the basis of the results on the
model compounds, it was concluded that the pwalues found
oD (as compared to the much larger values expected for electron
n transfer between free-space-separated sites) resulted from
1 specific “through-bond” interactions.
ki In this regard, it is important to point out that the aliphatic
s hydrocarbon medium through which electron tunneling occurs
in the present discotic materials, while rigid, consists by no
P means of fully extended all-trans alkyl chains covalently
e connecting the electron-transfer sites. In addition to the presence
l."' of chain ends, interchain interdigitation and gauche chain
A T T I configurations must be present to explain the density of the
22 24 26 28 30 32 34 36 38 40 aliphatic hydrocarbon mantle which is similar to that found for
D(A) pure aliphatic hydrocarbon solids. The present results, together
Figure 5. A semilogarithmic plot of the exponential conductivity decay ~ with the earlier results of Kuhn, suggest therefore that “low”
time, 7e, versus the calculated disk diametBr,for hexa—alkyl derivatives values Ofﬁ are characteristic S|mp|y of an intervening hydro_

of hexaperi-hexabenzocoronen®) and octa-alkoxy derivatives of phtha- . . : o .
locyanine ). The straight line drawn through the points corresponds to carbon medium. The lack of discernible specific effects of chain

10°

T T T

T T T

T T T

*g

T T

10"

an exponential dependence afon D with § = 0.63 A% and 7,(0) = branching tends to confirm the conclusion that “through-bond”
48 fs (see eq 5). interactions are not a necessary requirement.

The present systems resemble more closely the situation in
as for the HBC derivatives using eq 4 with= 3.5 A, M. = quasi-organized lipid bilayer structures than that in rigidly
504 g, andV, = 587 A°1® The dependence af. on D, and bridged donoracceptor model systems. We conclude therefore

even the absolute values, are seen to be in good agreement witlthat the tunneling times determined in the present work should
the values determined for the present HBC compounds. Interestprovide a better guide to electron transfer rates in biological
ingly, the kinetics of electron tunneling recombination would systems where trans-membrane electron transfer is thought to
appear to be independent of the nature of the (hetero)aromaticplay a role. Because the aliphatic chains of biologically
core. important, membrane-forming phospholipids are similar in
As mentioned above, discotic molecules, including the present length to the maximum alkyl chain lengths studied here, we
HBC and phthalocyanine derivatives, invariably adopt a tilted conclude that trans-membrane electron tunneling in natural
columnar stacking arrangement in their crystalline phase!’ cellular systems should occur on a time scale on the order of a
This results in a decrease in the average intercolumnar distancenillisecond or longer.
as compared to that in the orthogonally stacked, hexagonally
packed mesophase for which the intercolumnar distemdegs
a singular value that is close to the valuelfcalculated for The transient change in the conductivity occurring on 5 ns
the molecular diameter (see above). For a tilted stacking con-pulsed ionization of a series of hepari-hexabenzocoronene
figuration, the average intercolumnar distance will be substan- derivatives with a variety of peripheral linear and branched alky!
tially smaller than the molecular diameter. For example, in the chain substituents has been monitored using the time-resolved
case of the octa-alkoxy-phthalocyanines, the average inter- microwave conductivity technique. In contrast to the slight and
columnar distance in the oblique columnar packing lattice of nonsystematic dependence of the charge mobility on the nature
the crystalline phases, determined from X-ray diffraction data, of the alkyl chains, as determined from the end-of-pulse
has been found to be a factor of 0.8 shorter than the inter- conductivity, the time scale of the after-pulse decay of the
columnar distance in the hexagonal mesopRasEaking a conductivity is found to increase dramatically and systematically
similar factor to be applicable for the present HBC derivatives by orders of magnitude with increasing carbon number of the
results in an estimate of & parameter for the actual distance chains. The ¥ decay time,ze, is in fact found to depend
dependence of intercolumnar tunneling of ca. 0:8.A exponentially on the effective diameter of the discotic molecules,
Many studies have been made in the past of electron tunnelingD, according to,
through a variety of media. The most relevant to the present
systems is the early work of Kuhn who measured electron- 7. = 74(0) exp{3D)
transfer times through multilayers containing fatty acids of
different chain lengtA* An exponential dependence as given with 7,(0) = 48 fs and = 0.63 AL This exponential
by eq 5 was found from which values gf = 0.8 A~* and dependence is attributed to the occurrence of charge recombina-
7¢(0) = 10712 s were derived, similar to the values determined
for intercolumnar tunneling in the present work. A somewhat (25) Warman, J. M.; Smit, K. J.; de Haas, M. P.; Jonker, S. A.; Paddon-Row:
. M. N.; Oliver, A. M.; Kroon, J.; Oevering, H.; Verhoeven, J. \l/.Phys.
larger value of 0.88 Al for g was determined for charge Chem.1991, 95, 1979-1987.
recombination through rigid, aliphatic hydrocarbon bridges in (26) XYS;’L‘a’J”p“Qd cﬁ)n;ltF’aOK\}v‘,].l'\/lJ.olr\}l.(;eBIiS\/‘eﬁ” Xe{/@rfgrﬁﬁ';h;’gigggv‘fgagv H.

359-380.
(24) Kuhn, H.Pure Appl. Chem1979 51, 341—-352. (27) Closs, G. L.; Miller, J. RSciencel988 240, 440-447.
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