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Abstract: The electron self-exchange between a neutral molecule and its charged radical, which is part of
a spin-correlated radical ion pair, gives rise to line width effects in the fluorescence-detected MARY (magnetic
field effect on reaction yield) spectrum similar to those observed in EPR spectroscopy. An increasing self-
exchange rate (i.e., a higher concentration of the neutral molecule) leads to broadening and subsequent
narrowing of the spectrum. Along with a series of MARY spectra recorded for several systems (the
fluorophores pyrene, pyrene-d;o and N-methylcarbazole in combination with 1,2- and 1,4-dicyanobenzene)
in various solvents, a theoretical model is developed that describes the spin evolution and the diffusive
recombination of the radical pair under the influence of the external magnetic field and electron
self-exchange, thereby allowing the simulation of MARY spectra of the systems investigated experimentally.
The spin evolution of the radicals in the pair is calculated separately using spin correlation tensors, thereby
allowing rigorous quantum mechanical calculations for real spin systems. It is shown that the combination
of these simulations with high resolution, low noise experimental spectra makes the MARY technique a
novel, quantitative method for the determination of self-exchange rate constants. In comparison to a simple
analytical formula which estimates the self-exchange rate constant from the slope of the linear part of a
line width vs concentration plot, the simulation method yields more reliable and accurate results. The
correctness of the results obtained by the MARY method is proved by a comparison with corresponding
data from the well-established EPR line broadening technique. With its less stringent restrictions on radical
lifetime and stability, the MARY technique provides an alternative to the classical EPR method, in particular
for systems involving short-lived and unstable radicals.

1. Introduction theoretical interpretation of such reactions is significantly
The investigation of the kinetics of electron self-exchange facilitated as compared to “ordinary” electron transfer reactions

reactions (or degenerate electron exchange) provides a usequVIth t_AG fi ?h me;klgg efletctrpn self-r(]exchantg_)e ‘?. useful moctiel
strategy to study activated electron transfer in the framework reaction for the study ot topics such as activation parameters

of widely used theories (transition state theory, Marcus théory). Er dyTadmlcaIfsoll\f/ent iffects or: rate C?ns,['[é”ﬁ;add't'onj[ the dict
The transfer of an electron between a neutral molecule and its <\"0W'€dge of Seli-exchange rate constants allows one 1o predic

charged radical anion or cation occurring with the bimolecular the rate constants of mixed redox reactions by using the Marcus

i 4
rate constankey according to the scheme Cross relat|or$._ . . .
The most widely used technique to investigate homogeneous

k., electron self-exchange kinetics for organic systems is EPR
Q++Q—=—Q+ Q=+ D) (electron paramagnetic resonance) spectrostoiSywith in-
creasing electron self-exchange raig i.e., decreasing nuclear
constitutes one of the simplest examples of an electron transferspin configuration lifetimer, the EPR lines broaden (slow
reaction, since the related change in free energy is z&&5 ( exchange limit) until they merge into a single line which is
= 0). Consequently, in its simplest form, the Marcus reorga-
(2) Weaver, M. JChem. Re. 1992 92, 463.

nization energy of a self-exchange reaction is directly given by (3) Marcus, R. AAngew. Chem. . Int, Ed. Eng1993 32, 1111

the free energy of activation, i.e4/4 = AG*. Thus, the (4) Grampp, GSpectrochim. Acta A998 54, 2349.
(5) Eberson, LAdv. Phys. Org. Chem1982 18, 79.
(6) Grampp, G.; Jaenicke, VBBer. Bunsen-Ges. Phys. Cheh®84 88, 325.

leaZ University of Technology. (7) Grampp. G.: Jaenicke, Ver. Bunsen-Ges. Phys. Cheh991 95, 904
Oxford _UnlverS|ty. (8) Larsen, H.; Pedersen, S. U.; Pedersen, J. A.; Lund, Blectroanal. Chem.
§ International Tomography Center. 1992 331, 971.
(1) Bolton, J. R.; Archer, M. D. IrElectron Transfer in Inorganic, Organic (9) Jurgen, D.; Pedersen, S. U.; Pedersen, J. A.; Lundjd¢ta Chem. Scand.
and Biological Systemd®olton, J. R., Mataga, N., McLendon, G., Eds.; 1997 51, 767.
Number 228 in Advances in Chemistry; American Chemical Society: (10) Grampp, G.; Landgraf, S.; Rasmussen,JKChem. Soc., Perkin Trans. 2
Washington, 1991; Chapter 2, p 7. 1999 1897.

10.1021/ja0394784 CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004, 126, 5635—5646 = 5635



ARTICLES Justinek et al.

finally narrowed upon further increase ofx (fast exchange
limit). The electron self-exchange raigy is related to the
concentration of the neutral molecule [Q] via the rate constant
kex according to

1~ 1
D+A « HFI _
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The self-exchange rate cons.tant (,:an thus be determmeq fromFigure 1. MARY process, involving photoinduced electron transfer and
the dependence of the EPR line widths on the concentration of magnetic-field-dependent exciplex fluorescence. Asterisks denote electroni-
neutral molecule. cally excited states, and the superscripts label spin multiplicities. Recom-

As in the classical EPR case, the process of electron self- binat_ic_m p_roducts other than the exciplex are of minor interest and are not
exchange manifests itself in a broad range of radical or radical specified in the scheme.
pair (RP) reaction$! 18 some of which show a magnetic field
effect (MFE). One important experimental method to monitor
the MFE is MARY (magnetic field effect on reaction yield)
spectroscopy. The MARY spectrum may be obtained by
recording the emission intensity of a fluorescing singlet RP
recombination product while sweeping an external magnetic
field. In this case, in contrast to EPR where the electron hops
between a molecule and a free radical, the self-exchange occur
between a radical which is part of a spin-correlated radical pair
and its diamagnetic parent molecule according to either of the

of exchange rates. (Here the term ab initio is used in the sense
of spin dynamical rather than quantum chemical calculations.)
These simulations not only help to establish a deeper under-
standing of the mechanistic aspects of electron self-exchange
reactions involving radical pairs but also provide a method
to determine the rate constakyd which is more reliable and
more consistent than the initial slope method mentioned above.
S'i'he development of the theory and its application to experi-
mental results obtained for the binary systems pyrene, pyrene-
dip, or N-methylcarbazole in combination with 1,2- or 1,4-

reactions . : ) . i
dicyanobenzene in various solvents are treated in the following
- ke, - sections.
1,3[D.+A. ]+D==D+ 1,3[A. D'+]
k, 2. Experimental Section
HATD I+ A=A +DA"] ©)

The reaction scheme of magnetic-field-affected luminescence as the
basis of MARY spectroscopy ??is shown in Figure 1. Upon electronic
excitation of a donor (D) (or acceptor (A)) molecule by UV light, an
exciplex between donor and acceptor is formed. The exciplex may either

In analogy to EPR, the line width of the MARY spectrum shows
an initial linear increase (broadening of the MARY line),
followed by a maximum and a subsequent decrease (line emit a fluorescence photohw" of lower energy than the donor

narrowing) when going from low to high donor (or, analogously, fluorescencdw' or reversibly separate into radical ions forming a spin-

acceptor) concentrations while keeping the concentration of the correlated radical ion pair (RIP) in the singlet state. Magnetic interaction
other RP partner constant at a low value. In the limit of slow of the unpaired electrons with the coupled magnetic nuclei of the RIP

exchange, an approximate analytical expression describing the(hyperfine interaction, HFI) causes coherent spin evolution in the RIP
linear increase in the line width was suggested by Weller and which is affected by an applied magnetic field via the electron Zeeman
co-workers! It is based on lifetime uncertainty broadening of interaction. Thus, magnetic-field-dependent singlet and triplet popula-
RP spin levels caused by the exchange process and provides Hons of the RIP are established. If in its S state, the RIP may undergo
method to estimate the self-exchange rate con&tafiom the recombination to the exciplex, giving rise to a delayed, magnetic-field-
initial slope of a line width vs concentration pR§t.22 dependent fluorescence component. ' '
description of the line width effects caused by electron self- McLauchlan, Steiner, and co-workétsind is described in detail in
exchange in MARY spectroscopy. In this paper a theoretical ref 20. Continuous light excitation of the sample is performed at a
model is presented which allows the ab initio calculation of wavelength depending on the fluorophore (320 nm for pyrene and 332
MARY spectra of the systems investigated experimentally nm for N-methylcarbazole). While sweeping an external magnetic field

. (from —10 to 12 mT), exciplex fluorescence is recordedi at 470
taking into account electron self-exchange over the whole range,, for the pyrene systems aid- 420 nm for theN-methylcarbazole

systems. Field modulation at a small ampliti®lgq (0.2 to 1.0mT at

(11) Saik, V. O.; Lukzen, N. N.; Grigoryants, V. M.; Anisimov, O. A.; Doktorov,

A. B.; Molin, Y. N. Chem. Phys1984 84, 421. a frequency of 225 Hz) and phase sensitive detection result in an
(12) Werst, D. W.Chem. Phys. Lettl993 202, 101. improved signal-to-noiseS(N) ratio. The modulation technique leads
8‘33 \é\{g[esrk,%.y\#%?cer?;i,PF?.);/i}vléﬁg?%hi% 3%1;5/'5. Let1983 96, 28. to the first derivative MARY spectrumlg/dB versus magnetic field
(15) Batchelor, S. N.; Kay, C. W. M.; McLauchlan, K. A.; Shkrob, I. A. B. The field scan rate used is 3.0 mT/min; hence the duration of a

Phys. Chem1993 97, 13250.

(16) Kriger, H. W.; Michel-Beyerle, M. E.; Seidlitz, KChem. Phys. Let1.982 single scan is about 7 min.

87, 79. _ The peak-to-peak line widthBp is determined by fitting a first
an ;ﬁu%g H. W.; Michel-Beyerle, M. E.; Knapp, E. WChem. Phys1983 derivative Lorentz function to the experimental spectrum using a
(18) Grigoryants, V. M.; McGrane, S. D.: Lipsky, $.Chem. Phys1998 109, nonlinear least-squares procedure. The use of a simple Lorentz function
(19 LB:nAw'i'lton C A Hewitt J. P McLauchlan K. A Steiner. U. ol is justified even for experimental spectra that show a low-field feature,
Phys.1988 65, 423. ' ' ' ' since in all cases the fit with respect to the line shape of the main
(20) Grampp, G.; Justinek, M.; Landgraf, Hol. Phys.2002 100, 1063. peak, and hence the value Bf, yields satisfactory and reproducible
g%g SR éﬁ%ﬁf (';/'_E’L;annddggr;e}fué%?ghzﬁ_zé)r?ezmﬁsﬁé)oz 4 results. When compared to more complex fitting functions, the simple
5550. Lorentz function has the advantage of yieldiBg-values that are
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relatively insensitive to the modulation amplituBgoa.2® All experi-
mentalB, values given in this work are obtained by averagingBhe
values yielded by the Lorentz fits of a number of individual experi-

(a) I
5

-1

mental spectra. Depending on th&N ratio, between three and six
spectra are recorded for the averaging, yieldBgvalues with a
standard deviation of 2 to 6%.

MARY spectra are recorded for varying concentrations of one
reaction component while the concentration of the other component is
kept at a constant value which is chosen as low as possible yet high N S SO
enough to allow for a sufficier®N ratio. For theN-methylcarbazole/ §/B1/2
dicyanobenzene (MCBZ/DCB) couples, both the donor and acceptor T : >
concentrations are varied separately, whereas, in the case of the pyrene/ Magnetic field
DCB systems, only the DCB concentration is varied due to experimental
limitations such as pyrene excimer formatfi2 Concentrations are  (b)
in the range from 1.0< 104 M up to 0.30 M, depending on th&N
ratio of the system. The constant concentrations are<110~* M for
pyrene, 1.0x 10 M for MCBZ, and 0.1 or 0.2 M for the two DCB
isomers. The samples are deoxygenated by purging with argon prior
to measurement. Due to the high sensitivity of the apparatus, no flow
technique is necessary. The stability of the sample has been checked
carefully for each system separately. Even after 10 scans, no change
in the MARY spectra due to possible sample degradation is observed.

0

d

dB <—p>

04

All measurements are performed at 2831 K.

Pyrene (Fluka, 99%) was purified by vacuum sublimation, while
pyreneeo (Aldrich, 98%) was used as receiveld-Methylcarbazole
(Aldrich, 99%) was recrystallized from ethanol, while 1,2- and 1,4-
DCB (Aldrich, 98%) were recrystallized from toluene. The solvents
tetrahydrofuran (THF), 1,2-dimethoxyethane (DME), methanol (MeOH),
propylenecarbonate (PC), benzonitrile (BN), an8l-dimethylforma-
mide (DMF) were of HPLC quality and were freshly distilled after
dynamic drying over molecular sieves (3 A).

3. Theory
3.1. Basics.The MARY spectrum is usually represented by

plotting the difference between the relative fluorescence intensi-

ties in the presence and absence of the magnetic field versu
the magnetic field, as shown in Figure 2 a. Since the fluores-
cence intensityt is proportional to the product yield of the
luminescent species, the relaion

¢B_¢0=|B_
®o

IO:I_B_]_

lo

(4)

lo

applies, the subscript 0 meaniBg—= 0. The spectrum always

shows mirror symmetry about zero field. A common charac-
teristic of all MARY spectra based on delayed exciplex
fluorescence is an initial increase in intensity which is followed

by a saturation behavior. This is a consequence of the Zeeman

splitting which gradually shuts down-S .. transitions with
increasing magnetic fielt.In view of the reaction scheme given
in Figure 1, less efficient ST mixing leads to an increase in
delayed exciplex fluorescence intensity. At magnetic field
strengths beyond the point of saturation of the MFE, rOT'S
transitions take place any more while the efficiency of the
magnetic field-independent-S transitions remains constant
over the whole field range which explains the saturation

behavior. In some particular cases, a low-field feature around

zero magnetic field of opposite sense with respect to the
“normal” MFE can be observed, as shown in Figure 2. This
low-field effect (LFE) is based on a characteristic magnetic field
dependence of the HFI mechanism of B transitions?425 It

(23) Justinek, M. Unpublished work.
(24) Brocklehurst, B.; McLauchlan, K. Ant. J. Radiat. Biol.1996 69, 3.

0 Magnetic field

Figure 2. Schematic representation of a MARY spectrum (a) and its first
derivative (b) with the characteristic parametBig, the field strength at
half the saturation value of the MFE, a8, the magnetic field at the
peak of the first derivative spectrum.

may be explained by differences in the conservation laws of
spin angular momentum in zero and weak magnetic field.
For the systems studied in this work, the size of the MFE at
the saturation value is as small as 0.2 to 2%. To allow the
observation of such small effects with a go&N ratio, a

gnodulation technique with phase-sensitive detection of exciplex

fluorescence is applied, yielding the first derivative of the
unmodulated MARY spectrum with respect to the magnetic field
B; see Figure 2b.

Parameters used for the quantitative description of a MARY
spectrum ard;,, the magnetic field strength at which half the
saturation value of the MFE is reached, and the peak position
By of the modulated MARY spectrum which corresponds to
the point of inflection in the unmodulated spectrum. If one
assumes an approximate Lorentzian line shape of the MARY
spectrum, which implies neglecting the low-field featusgjs
related toBy/, via
By, = ‘/‘-E’Bp ()

The line width and thud;,, are determined mainly by the
hyperfine coupling constants of the nuclei present in the RP.
One useful way to express the HFI in a radical is to define an
average nuclear hyperfine fieB\ in a quasi-classical fashion
by the root-mean-square vafie

B.= «/ zaikzlik(lik +1)

whereay andli are, respectively, the individual isotropic HF
coupling constants and nuclear spin quantum numbers in radical

(6)

(25) Stass, D. V.; Lukzen, N. N.; Tadjikov, B. M.; Molin, Y. NChem. Phys.
Lett. 1995 233 444.
(26) Weller, A.; Nolting, F.; Staerk, HChem. Phys. Lettl983 96, 24.
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nonexchanging radical only, which explains the saturation
B, tendency. The behavior of the line width as shown in Figure 3
is thus characterized by the competition between energy level
broadening and averaging of the HF interactions of the
exchanging radical. The larger the HF coupling of the radical,
the higher the ST mixing frequency, and the shorter the time
required for sufficient spin mixing. As a consequence, if
the exchanging radical has a larg8f, the maximum in a

B(0)] <« ; plot like Figure 3 is expected to occur at larger exchange rates
slow medium fast Vex
exchange .
. xehane 3.2. Calculation of Exchange-Affected MARY Spectra.
0 [Q] or v, Although the effect of degenerate electron exchange on the
Figure 3. Schematic representation of the dependendg,ain the self- magnetic-field-affected singlet and triplet recombination yield

exchange rateex or on the concentration of neutral donor or acceptor. The f radical pairs has been treated theoretically in the litera-

exchange rate is related to the molecule concentratios (@ A) via e . . . .

5 9 @ A) via eq ture}116:17.27.28.3137 hoth in a semiclassical and in a quantum
mechanical way, no rigorous quantum mechanical calculations

k. From the average nuclear HF fields of the two radicals, the of exchange-affected MARY spectra of RP systems containing

By>-value can be estimated according®to more than two different HF coupling constants have been so
far presented. In the following we present the ab initio

2(B,>+ B, calculation of MARY spectra of the systems investigated
12 = W (7) experimentally, taking into account electron self-exchange over

the whole range of exchange rates. On one hand, these
simulations serve to gain a deeper understanding of the way
parameters such as the radicals’ HF coupling constants, the self-
exchange rate, or RP recombination kinetics affect the line width

adds to the MARY process. The shortening of the electron @nd the shape of the MARY spectra, including the low-field

residence time of a given nuclear spin configuration perturbs féature. On the other hand, the comparison of line widths of
the coherent spin evolution in the RP and hence changes then€ simulated spectra with those of the experimental spectra
singlet recombination yield. The consequence is an influence Provides a consistent and reliable method to determine sel-
on the MARY spectrum, in particular with respect to the line €Xchange rate constants by MARY spectroscopy. It is thus

This formula approximately reproduces tBgy-values found
experimentally?°
The situation gets more complicated if electron self-exchange

width, as has been shown both theoreticdlfj and experi- ~ POssible to check the validity of the slow exchange limit
mentally14-17.20-22.29.30T he line width behavior with increasing ~ approach used in previous wotk:??
self-exchange rate is illustrated schematically in Figure 3. The MARY spectrum is directly related to the product yield

The initial increase in the line width may be explained by ¢g of the luminescent species at a given magnetic figlcs
energy broadening of the RP spin levels due to Heisenberg’'sexpressed in eq 4. The reaction scheme of the MARY process

uncertainty principle according to (Figure 1) shows that the luminescent species, the exciplex,
constitutes a singlet recombination product of the RP. Hence
AE > h (8) the fluorescence intensity is a function of the singlet recombina-

tion yield ¢s(B) (cf. eq 4 with¢s = ¢s(B)). Any magnetic-
field-independent contribution to the fluorescence intensity
influences only the intensity of the MARY spectrum via a
constant scaling factor without changing the spectral shape or
A the line width.

BuAIQ]) ~ By,(0) + @kex[Q] ) Consequently, the quantity of key interest for the calculation
B of MARY spectra is the RP singlet recombination yiele[B),
called singlet yield henceforth. The singlet yield basically

which allows one to express the line width param&gs as a
function of [Q] ad*

wherege and ug are theg-factor of the free electron and the ) i
Bohr magneton, respectively. Equation 9 may be used for a depends on two factors: the probabilfy) that the radicals

rough estimation okein the limit of slow exchang&-22When first encounter one another at tirhand the probabilitys(B, t)

going to intermediate and fast exchange rates, a different effect®f finding the RP in the singlet state at the same instant.

opposing the line broadening occurs. The reduced nuclear spinAssumlng that the radical pairs undergo free Brownian motion,
configuration lifetime has the effect of weakening the HF
coupling of the radical undergoing the exchange, resulting in a (31 gzzmeﬂ H. J.; Schulten, Z.; Schulten, B. Chem. Phys1977 67,
decrease in the line widf:22 At very fast exchange rates, the (32) Stass, D. V.; Lukzen, N. N.; Tadjikov, B. M.; Grigoryantz, V. M.; Molin,
; P i ; ; Y. N. Chem. Phys. Lett1995 243 533.
effective HF CouDlmg in the RP is determined by that of the (33) Gorelik, V. R.; Bagryanskaya, E. G.; Lukzen, N. N.; Koptyug, I. V.; Perov,
V. V.; Sagdeev, R. ZJ. Phys. Chem1996 100, 5800.
(27) Schulten, K.; Wolynes, P. J. Chem. Phys1978 68 (7), 3292. (34) Leshina, T. V.; Kruppa, A. |.; Sagdeev, R. Z.; Salikhov, K. M.; Sarvarov,
(28) Knapp, E.-W.; Schulten, KI. Chem. Phys1979 71 (4), 1878. F. V. Chem. Phys1982 67, 27.
(29) Sviridenko, F. B.; Stass, D. V.; Molin, Y. kChem. Phys. Let998 297, (35) Bagryanskaya, E. G.; Avdievich, N. I.; Grishin, Y. A.; Sagdeev, FClZem.
343. Phys.1989 135, 123.
(30) Petrov, N. K.; Alfimov, M. V.; Budyka, M. F.; Gavrishova, T. N.; Staerk,  (36) Bagryanskaya, E. G.; Sagdeev, RPZog. React. Kinet1993 18, 63.
H. J. Chem. Phys. A999 103 9601. (37) Burri, J.; Fischer, HChem. Phys1992 161, 429.
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the singlet yield is given approximately by the integ¥&f the average exchange interactidnbetween the unpaired
electrons of nonlinked radicals is negligibly smdlls assumed
$(B) = ﬁ:"ps(B, t) f(t) dt (10) to be zero. The parameters entering the calculatiops(@, t)

are henceyy, B, andr.

Radical pair recombination is treated within a diffusion model ~ Besides affecting spin motion, the degenerate electron
based on Noyes’ random flight mod&t® which proved more exchange may change the spatial position of the radical. Under
satisfactory than the simpler exponential motéP The re- the usual experimental conditions (temperature, pressure), the
combination function is given by electron transfer can be considered as a contact reaction. To be

accurate, one has to consider the stochastic motion the radical
f(t) = at > exp(-brt) (11) ion which undergoes the self-exchange as continuous diffusion
being from time to time interrupted by jumps of the length of
with the double radius of the radical ion and in a stochastic direction.
Although in principle such a problem can be solved, it appears
_ ro(fo —1,) (12) that such an effect is significant only at low viscosities and for
ro\/ﬁ large molecules. In fact, one can safely neglect this effect if
the displacement of the radical due to continuous diffusion
and during the time interval between two electron self-exchange
events is larger than the jump distané® @hereR is the radius
(ro— r(,)z of the radical, i.e.,«/D_r > 2R. The criterium is thug > 4R?/
bZT (13) D.ForR=5A andD = 1.0 x 1075 cn? s7%, we haver > 1
ns which is generally true of the systems considered.

where D is the relative diffusion coefficient. The radicals The procedure to calculag(B, t) is based on the idea of
forming the pair are assumed to be created at the separatiortreating the electron spin evolution of each radical of the pair
distancery. If they approach to the recombination distamge separately in terms of so-called spin correlation tensors
recombination occurs with probability 1 if the RP is in its singlet (SCTs)?7:28:324345 This is possible due to the assumption of
state while triplet encounters are unreactive. Equation 11 thuszero exchange interaction. The concept was developed by
describes the time distribution of first encounters, ignoring re- Schulten and co-workets28in their semiclassical treatment of
encounters. This corresponds to the so-called “low viscosity the spin evolution of RPs in external magnetic fields. In the

approximation*42which is applicable ifvtp < 1. Herew is present work, however, exact quantum mechanical calculations
a rough measure of the relevant magnetic field strengths (HF replace the semiclassical approximation accounting for the
couplings and external magnetic field), angds the diffusional magnetic interactions, allowing the rigorous quantum mechanical
lifetime defined as calculation ofreal spin systems
) The time evolution of the electron spin operat&t) and
T Sy(t) of each separate radical 1 and 2 under the HF interaction
T (14) and the external magnetic field is calculated in a quantum

mechanical way, yielding the spin correlation tensbi() and

The influence ofD as well as of the radiio andr, on the T2(t). The SCT of radical 2 is modified to account for the effect
shape of¢s(B) is found to be negligibly small, both in the  of electron self-exchange in a way derived from a separate
literaturé®3 and in the present work This fact may be  radical treatment outlined in ref 33. Finallji(t) and T2(t) are
rationalized as follows. It is very reasonable to assume that the coupled to yield the singlet probabilip(B, t) of the RP. There
radicals of the radical ion pair are formed at a distance close to are three factors that, taken together, make the calculation of
contact. Thus the values bfin eq 11 may change as a function  real RP systems possible: (1) circumventing the treatment of
of D, ro, andr,, but they are definitely much smaller for the  the large spin system of the whole RP by calculating the two
given, low viscosities than &), the order of time in which spin  smaller systems of the individual radicals leads to considerably
dynamics develops. The contribution of this time interval (in  smaller dimensions of the matrices involved; (2) the calculations
the order ob) to the MARY spectra is thus nonmagnetosensitive are carried out in Hilbert space; i.e., one avoids switching to
and is therefore negligible. Thus, for all simulations of MARY  Lijouville space which would be necessary in a density matrix
spectra, the following parameters are used without exception: treatment of the complete RP, involving huge matrix dimen-

ro=9.0Ar,=50A andD = 1.0 x 10°° cn? s, giving sions; (3) the existence of groups of equivalent nuclei in the
rise to a d|ffu3|ona! lifetime OtD.: 0.25ns. . experimental systems (e.g. pyrene/DCB isomers) opens a third
The time evolution of the singlet probabilitgs(B, t) is possibility to keep matrix dimensions relatively low.

governed both by the magnetic interactions experienced by the  o|| calculations are carried out in the product spin basis,
spins of the unpaired electrons (hyperfine and Zeeman interac-ihe first position in the representatiofé++oat|, Bow+af|,
tions) and by the degenerate electron exchange process. SinCgyc ) referring to the electron, while all the others refer to the

(38) Steiner, U. E.; Ulrich, TChem. Re. 1989 89, 51.

(39) Salikhov, K. M.; Molin, Y. N.; Sagdeev, R. Z.; Buchachenko, ASpin (43) Lukzen, N. N.; Usov, O. M.; Molin, Y. NPhys. Chem. Chem. PhyX02
Polarization and Magnetic Effects in Radical Reactioviel. 22 of Studies 4, 5249,
in Physical and Theoretical Chemistrlsevier: Amsterdam, 1984. (44) Bagryansky, V. A.; Borovkov, V. I.; Molin, Y. NMol. Phys.2002 100,
(40) Noyes, R. M.J. Chem. Physl954 22, 1349. 1071.
(41) Osintsev, A. M.; Purtov, P. A.; Salikhov, K. MChem. Phys1993 174 (45) Anishchik, S. V.; Borovkov, V. I.; Ivannikov, V. I.; Shebolaev, I. V.;
237. Chernousov, Y. D.; Lukzen, N. N.; Anisimov, O. A.; Molin, Y. KChem.
(42) Purtov, P. A.; Doktorov, A. BChem. Phys1993 178 47. Phys.1999 242, 319.
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coupled nuclei of the radical. The spin Hamiltonian of radical
k is given by

Hye = 0oS + zaiksk" ik (15)

where wg is the external field strength expressed in angular
frequency unitsSZ, S, andli are the respective electron and
nuclear spin operators, andlenotes the nucleus coupling to

the electron. For a radical containing groups of equivalent nuclei

(like pyrene and the DCB radicals), a number of simpler
Hamiltonians replace expression 15 as shown in the following
for the case of 1,4-DCB. The 1,4-DCB radical cation contains
four equivalent protons with HF coupling constaptand two
equivalent nitrogens with HF coupling constaag. The
individual spins of an ensemble of equivalent nuclei can sum
up to different total spins"™) with spin quantum numbef&'™
according to the vector sums

1N (16)

wherel; H™ are the spins of individual nucléi For instance,
the four protons can sum up to yieR' = 2, 1, or 0 in one,
three, and two different ways, respectively. The two nitrogens
can sum up t&N = 2, 1, 0 in one single way each. The numbers
nik of ways to realize a given total spin are derived from the
line intensity pattern of the hypothetical EPR stick spectrum of

the ensemble. For the example of four equivalent protons, the

EPR line intensity pattern is 1:4:6:4:1. This pattern can be
thought of arising from 1 spi2 nuclei, 3 spir-1 nucleus, and
2 spin—0 nucleus, hencex = 1, 3, and 2. The corresponding
spin operators"M) are calculated using the scheme given in
the appendix of ref 46.

For each combination of total spif§' andFN, a Hamiltonian
is calculated according to

Hy 4 oce = @S, + 8, SF" + g SF" 17)

with i denoting the nuclear spin configuration of which there
are 3x 3 =9 for 1,4-DCB. The same procedure is done for

the pyrene radical cation whose groups of equivalent magnetic

nuclei are 4, 4, and 2 H, leading to 18 different Hamiltonians.

Now, for all these spin configurations, the time-dependent SCTs
for the two radicals can be calculated. Each SCT is representedc

by a 3x 3 matrix, the 3 dimensions accounting for they-,

to

Teo() = THSSOSK0) (U, v =Xy, 2)

where 'I"'Li,(t) refers to theith nuclear spin configuration of
radicalk and the operator§/(t) and S¥(t) are defined in the
full nuclear-electron product spin basis of configuratilkorirhe
time evolution of the electron spin operator of configuration
is given by

Sk(t) = exp(H;t)S,(0) exp(=iH,t)

(18)

(19)

(46) Weil, J. A.; Bolton, J. R.; Wertz, J. Electron Paramagnetic Resonance
John Wiley and Sons: New York, 1994.
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The total SCT of radicak is given by the weighted sum of the
contributionsTi(t),

To® = fiy mT“® (20)

with ni being the number of ways of realizing spin configuration
i in radicalk (see above) antk being a normalization factor
accounting for the spin dimension of radidahccording to

4

f=——
Znik”h(

(21)

with my being the dimension (nuclei plus electron) of spin
configurationik. The normalization cause'%(t) to equal the

unit matrix att = 0. The subscript 0 in eq 20 denotes that no
electron self-exchange takes place. The electron self-exchange
of one RP partner is accounted for by a modulation of the
respective SCT according’e*

- B Iy _t=¢
TO = To0 exil— )+ /T - & exi{ - Tk@)( &

where7 is the nuclear spin configuration lifetime. A proof of
eq 22 and the procedure for its numerical solution are given in
the appendix. Finally, the singlet probability is given*by

1 1
PO=7+7 3 TOTO (23)

,v=XY,Z

The singlet yieldps(B) is obtained by numerical integration of
eq 10. The time range for which all calculations are done is 0
to 1000 ns with time stept = 1 ns. The recombination function
f(t) is multiplied by an additional factor expt/t.e) accounting

for spin relaxation. The spin relaxation timee(= Ty = T,
where T; and T, are the longitudinal and transversal spin
relaxation times, respectively) is set to the realistic value of
200 ns in all simulations. This term has the effect of causing
f(t) to decay more rapidly, thus providing a good justification
for the finite upper integration limit used in the calculations.
Increasingli(= T,) from 200 ns to larger values has no visible
effect on the MARY spectra. Moreover, the decay of thé-
function on the integration interval (1000 ns) provides good
onvergence of integral 10 even without such apodization.

4. Results and Discussion

andz-coordinates. The matrix elements are defined according  , ; ;1\ 1ations: from the two-proton RP to a Real

System.In this section, the improvements obtained by including
increasing numbers of nuclei in the simulation of MARY spectra
will be demonstrated using pyrene/1,4-DCB as an example.
Simulations are presented for the simple two-proton model RP,
for the more realistic four-proton-one-nitrogen model RP as well
as for the all-nuclei RP.

In the model RP systems, artificial, effective HF coupling
constants are attributed to the model nuclei. A group of (not
necessarily equivalent) real nuclei with HF coupling constants
a; and spind; is replaced by a single model nucleus of spin
or spin 1 with an effective coupling constaa. Its value is
obtained by applying the semiclassical root-mean-square formula
for By (eq 6) to the group of nuclei to be replaced by the model
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Table 1. Model RP Systems for Which Simulations Are Done and
Effective HF Coupling Constants aesr Calculated According to
Equation 24, Using the HF Coupling Constants from Table 2

with the main peak becoming more pronounced. A comparison
with experimental spectra (see Figure 6) shows that both findings
clearly confirm the expected trend that the quality of the

RP system simulated as Ber (1) simulations gradually increases with the number of spins
pyrene/1,4-DCB  3H:1HIN Lene: %gg ((:)) ggg ((E)) 0.17(H) " included in the model RP. While in the 1H:1H RP, the nitrogens
1H:1H pyrene: 1.17 (H) and protons of 1,4-DCB are represented by a single ¥pin-

1,4-DCB: 0.53 (H)
pyrene: 0.16 (D), 0.07 (D), 0.03 (D)
1,4-DCB: 0.32 (H); 0.26 (N)
MCBZ: 0.47 (H); 0.35 (H);
0.26 (H); 1.64 (H); 0.82 (N)
1,2-DCB: 0.59 (H); 0.25 (N)
MCBZ: 0.47 (H); 0.35 (H);
0.26 (H); 1.64 (H); 0.82 (N)
1,4-DCB: 0.32 (H); 0.26 (N)

model nucleus, in the case of the 3H:1H1IN RP we have the
more adequate situation that each group of equivalent nuclei in
the real pyrene/1,4-DCB system is represented by one model
nucleus of the appropriate spin.

The correctness of the numerical procedure of the SCT
approach has been additionally confirmed by simulations of the
simple model systems using a density matrix approach, calculat-
ing the spin evolution of the whole RP rather than of the
individual radicals. When applied to the same spin system, both
calculation methods give exactly the same re&ilt.

pyreneei¢/1,4-DCB  3D:1HIN

MCBZ/1,2-DCB 4HIN:1HIN

MCBZ/1,4-DCB 4HIN:1HIN

Table 2. HF Coupling Constants of the Radicals Investigated

dical T f
pyr;;a 0547 @H):0 zi;m(i ;0118 @ H) “ e For the all-nuclei RP of pyrene/1,4-DCB, the computing time
pyrenedyta 0.083 (4 D); 0.033 (4 D);0:018 (2 D) on a Unix Works_tatlon (194_MHz, CPU: MIPS R 1000_0) is
MCBZz+ 0.330 (2 H); 0.083 (2 H); 0.250 (2 H) 48 2600 s per B-point, for 10 different-values and 1000 points
0.165 EZ H;; 0.946 E3 Hj ChH; 0.8(2 (N)) in time; that is, the calculation of MARY spectra for 10 spin
1,2-DCB~ 0.415 (2 H); 0.042 (2 H); 0.177 (2N 49 : i it ; i "
14-D0B- 0.159 (4 H) 0.181 (2 N) 49 configuration lifetimes with 8@-points each (on the positive

field axis) takes about 60 h.

The behavior 0B, versus the self-exchange raig for the
spectra obtained by simulations of the different spin systems
representing pyrene/1,4-DCB is shown in Figure 5. The simula-
tions of all three spin systems qualitatively reproduce the line
width behavior found in the experiments. The main differences
between the simpler and the more complex spin systems concern
the maximum increase iBp, the extent of decrease after the
I maximum, and the position of the maximum. The more spins

that are included in the simulation, the flatter the curve becomes.

wherelp, is the spin of the model nucleus. The.valuesagf . Figure 5 shows clearly that the approximate approaches (1H:
for the model RP systems discussed here and in the following 14 ang 3H:1H1N) are inadequate because of the large differ-

sections are given in Table 1. The notation used to specify the g,ces petween them and the exact approach which should
model RPs follows the scheme “nuclei of nonexchanging therefore be preferred.

radical:nuclei of exchanging radical”.

The HF coupling constants of the radicals studied are given
in Table 2. Since no literature values for the deuterium HF
coupling constants of pyrertip have been found, their values
are estimated from the corresponding proton couplings using
the ratio

aThe values for pyrendso are calculated from the pyrene coupling
constants using eq 25.

nucleus. Since the value & should be the same before and
after the replacemenéey is given by

1 2
= —E (L + 1 24
aeff +1) | al |(|+ ) ( )

4.2. Simulated and Experimental MARY Spectra. The
appearance of both the experimental and simulated spectra
primarily depends on the HF coupling situation in the RP as
well as on the rate of electron self-exchange. The shape of the
experimental spectrum is, in addition, influenced by the resolu-
tion of the experiment as determined by the modulation
amplitude which itself is dictated by tf&N ratio of the system.
The SN ratio is strongly determined by the details of the
photochemistry of the system as well as by solvent properties
wheregn andgn p are the respective nuclegifactors (values such as viscosit'y and dielectric cgnstant. It is hard to observe a
are taken from ref 46). general correlation betwgen the size of the MFE and thg solvgnt

MARY spectra simulated for pyrene/1,4-DCB at two different Parameters. However, it seems that a minimum dielectric
self-exchange rates are shown in Figure 4, the real system being?onstant ¢ ~ 5) is required to observe an MFE. This finding
represented by the 1H:1H RP, the 3H:1H1N RP as well as by ¢an be understood in view of ion pair stablllzat!on by the solvent
the all-nuclei system. The intensities of the spectra are correctWhich must be sufficient to allow the formation of RIPs. An
except for a scaling factor; therefore no units are given on the important role is also played by the viscosity which influences
ordinate. The simulated spectra, like their experimental coun- the RP lifetime and hence the time available for magnetic field-
terparts, exhibit in addition to the normal MFE a low-field ~affected spin mixing.

% Gp_0.857 015

a;, O,y 5.586 (25)

feature which gets more important for larger valuesQf(for
a detailed discussion see section 4.2).

The broad main peak of the spectrum is not sensitive to the
field modulation, the main effect of the modulation technique

The increase in the size of the simulated spin system manifestsbeing to attenuate the low-field feature. Consequently, in many

itself in a change in the shape of the low-field feature at very
slow exchangey = 5.0 x 10° s71) and in a decrease in the
size of the LFE at faster exchange rates & 1.0 x 10° s7%),

cases not all the features of a calculated spectrum are found in
the experimental spectrum to the same degree. The systems
pyrene/1,2-DCB and pyrene/1,4-DCB in THF as well as pyrene-
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Figure 4. Exchange-affected MARY spectra calculated for the pyrene/1,4-DCB system represented by different spin systems. (Left) 1H:1H RP; (center)

3H:1H1N RP; (right) all-nuclei RP. HF coupling constants are given in Tables 1 and 2. The radical undergoing degenerate electron exchange is 1,4-DCB.
(Top) vex = 5.0 x 1P s71, (bottom)vex = 1.0 x 10° s71.

1.5 coupling of the exchanging radical that is responsible for the
. growing LFE with the increasing exchange rate.
1.4} * * * . _ The perdeuterated derivative pyretig; although having the
x 6990 o * * same number of couplings with the same grouping into sets of
—~ I o ° oo, ° o | equivalent nuclei as pyrene itself, poses significantly higher
= 1.3 * demands concerning computational resources for its calculation.
= ° The replacement of the 10 hydrogens with %/, by deuteriums
;:Q“ 1.2F o x X% x x N . with | = 1 causes a significant increase in both the spin
. * dimensions and the number of spin configurations to be averaged
1.1F & i in the calculations. Therefore, the simpler 3D:1H1N RP with
the HF constants given in Table 1 is chosen as a model system
. ¢ for simulations. There are two striking differences in the MARY

spectra of pyrenehy/1,4-DCB shown in Figure 7 as compared
to the protonated analogue: first, the much smaller line width
Bp which is hardly surprising in view of the smaller HF
couplings and, second, the absence of the low-field feature. Both
experimental observations are excellently reproduced by the
simulations. Only at the highest self-exchange frequengy
does a very narrow low-field feature appear in the simulation;
the width of this feature is way below the resolution of the
experiment. Bearing in mind that the observed MARY spectrum
results from the superposition of low-field effect and normal
MFE, the reason for the absence of the phase-inverted peak
around zero field may be its coincidence with the narrow main

0 2 4 6 8
Self-exchange rate (108s~1)

Figure 5. Line width behavioB, vs self-exchange rate of MARY spectra
calculated for the pyrene/1,4-DCB system using different methods. (*) 1H:
1H RP; ©) 3H:1H1IN RP; &) all-nuclei RP (HF coupling constants are
the same as in Figure 4). TH-values are determined from the zero-
crossing of the second derivative of the simulated MARY spectra.

10

d1¢/1,4-DCB in THF serve to illustrate the degree of agreement
between experiment and simulation. For both of these systems,
MARY spectra recorded at three different DCB concentrations
are compared to the simulations performed for corresponding
self-exchange rategy.

For the systems pyrene/1,2-DCB and pyrene /1,4-DCB in peak. o
THF shown in Figure 6, experimental as well as simulated 4.3. Determination of Electron Self-Exchange Rate Con-
spectra exhibit a low-field feature which increases with the Stants. The discussion is now focused on the concentration
molecular concentration (self-exchange rate) of the respectivedependence of the line width which is the basis for the
RP partner. This behavior can be interpreted in view of the fact investigation of self-exchange kinetics. As stated earlier, with
that the LFE is particularly large if one of the radicals has no increasing concentration of one of the RP partner, the line width
HF couplings at alf®> The effect of a decreasingis to cause first increases, reaches a maximum, and then eventually
a “weakening” of the HF coupling of the exchanging radical, decreases again to reach a saturation value. Due to practical
eventually leading to a situation that comes close to that in the constraints such as limited solubility of the exchanging species,
absence of HF coupling. It is hence the “removal” of the HF for some RP-solvent combinations only the initial broadening
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Figure 6. Experimental MARY spectra of pyrene/1,2-DCB in THF (left) and pyrene/1,4-DCB in THF (right) and corresponding all-nuclei simulations
(smooth lines). Experiment (noisy lines): [pyreme]l.0 x 104 M, Bmog = 0.2 mT. The self-exchange rate (i.e., [DCB] in the experiment) increases from
top to bottom. In all cases, the simulated spectra show a larger low-field feature than the experimental spectra.

corresponding to the slow to medium exchange region in the figure shows thatB, for a concentration of I¢ M is
By vs concentration curve can be observed experimentally.  indistinguishable from the value at concentration zero.

The line width behavior of experimental and simulated  The electron self-exchange rate constantis obtained by
MARY spectra for the systems pyrene/1,2-DCB and pyrene/ matching the curves of experimental and simulaBgeralues
1,4-DCB in THF with respect to the DCB concentration is using a two-step fitting procedure. First, the functional behavior
shown in Figure 8. For the sake of comparability, the line widths of experimentaB, vs concentration as well as the behavior of
of both experimental and simulated spectra are determined bysimulatedB, vs vex are each fitted by a separate analytical
the Lorentz fitting procedure described in section 2. Leaving biexponential function. This allows matching tBgcurves with
aside the offset, the simulations very well reproduce the respect to the-axis in a second fitting step. Since the tBg
experimental results. The larger valueBBgbf the experimental curves have different quantities on thgiaxes (concentration
spectra may be due to the HF coupling'&E-nuclei which is for the experimentyey for the simulation), the exchange rate
not taken into account in the simulations. A possible line width ve in the By-plot of the simulation is replaced by the tekwo,
contribution from the small extent of self-exchange of the RP where ¢ is the molecular concentration of the exchanging
partner kept at constant low concentration (pyrene) can safely species. Leaving the parameters of the fitting functions obtained
be neglected for concentrationsl0-3M. Assuming aB, vs in the first step unaltered is now fitted with respect to the
concentration plot similar to that of Figure 8, a glance at the minimum difference between thérst derivatives of the
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Figure 8. Line width behaviorB, vs concentration of experimentad(

% Bmod = 0.5 mT) and simulatedx(, all-nuclei simulation) MARY spectra
3 of pyrene/1,2-DCB (top) and pyrene/1,4-DCB (bottom) in THF. The lines
! [1,4-DCB] = are biexponential fits of th&, curves.

0.18M 1.0

Vex =

5.0 x 10851
-10 -5 0 5 10
Magnetic field (mT)
Figure 7. Experimental MARY spectra of pyrertio/1,4-DCB in THF
(Bmod = 0.2 mT) and corresponding simulations as 3D:1HIN RP (HF
couplings are given in Table 1). The concentration of pyréqgs constant

at 1.0 x 1074 M while the 1,4-DCB concentration increases from top to
bottom.

biexponential fitting curves of experimental and simulaBpd
(see Figure 8). Thus the influence of the offset By is
eliminated. The value df obtained by this fit is taken dgx. . . ( . l .
The line width behavior with respect to the electron self- ~ 0 005 01 015 02 025 03
exchange rate of 1,4-DCB for the system pyrekg1,4-DCB [1,4-DCB] (M)
is depicted in Figure 9. As in the MARY spectra themselves, Figure 9. Line width behaviorB, vs concentration of experimentaD(
there are pronounced differences in comparison to the systemgflji 4_%2(:{3“2 ‘;’Ld;@#éaltiiﬁr gg-t?ei':oiz%?fgﬁé%ﬁetgi Sﬁv%ysrf”e
with protonated pyrene. The maximum is more pronounced and
occurs at a lower concentration (self-exchange rate) than in thedetermined by the exchanging 1,4-DCB. Thus the effect of
case of pyrene. In particular, the decreaseBjnafter the exchange manifests itself more strongly than it can do in the
maximum is much more important, witB, decreasing even  presence of a nonexchanging RP partner with dominant HF
below the initial value at slow exchange. This strong decrease couplings.
in the fast exchange limit can be easily understood in view of  The simulation method described above may be used to check
the “weakening” of the HF coupling of the exchanging DCB the simpler initial slope method (eq 9) used in previous
mentioned earlier. In this exchange regime, the only magnetic work.2°-22 The rate constants for the systems analyzed by the
interactions determining the MARY line width are the small simulation and the initial slope methods are summarized in Table
HF couplings of the nonexchanging pyret@-radical. The 3. The kexvalues are given together with the modulation
general reason for the more pronounced line width effects lies amplitude used which was kept as low as possible but large
in the small HF couplings of pyrerghy, causingB, to be mainly enough to ensure a sufficie®&N ratio of the spectra.

5644 J. AM. CHEM. SOC. = VOL. 126, NO. 17, 2004




MARY Spectroscopy of Electron Self-Exchange Kinetics ARTICLES

Table 3. Rate Constants kex of Electron Self-Exchange of R» Table 4. Comparison of Observed Electron Self-Exchange Rate
Determined by MARY Spectroscopy Using the Method of Initial Constants kex as Determined by MARY Spectroscopy and by the
Slope (Equation 9) and the Simulation Method, Respectively? EPR Line Broadening Technique
kEX kEX kex kex
B (10°M7ts7%)  (10°M-tsY) (10° M~ts7Y) (10°M-tsY)
R: R, solvent (mT) simulation initial slope compound solvent MARY® EPR EPR ref
pyrene 1,2-DCB  THF 0.5 6.9 3 1,2-DCB THF 6.9 0.93 49
pyrene 1,2-DCB  MeOH 1.0 2.7 1 1,2-DCB PC 0.64 0.54 49
pyrene 1,2-DCB PC 1.0 0.64 0.4 1,2-DCB DMF 1.3 1.2 50
pyrene 1,2-DCB DMF 1.0 1.3 1 1,4-DCB THF 4.2 1.2 49
pyrene 1,4-DCB  THF 0.5 4.2 2 1,4-DCB PC 0.78 0.56 49
pyrene 1,4-DCB PC 1.0 0.78 0.5 1,4-DCB DMF 1.6 1.4 50
pyrene 1,4-DCB  DMF 1.0 1.6 2
pyrene 1,4-DCB  DME 0.5 1.8 1 aThe MARY values are determined by the simulation method and refer
pyrene 1,4-DCB BN 0.2 11 0.9 to systems with pyrene as the non-exchanging RP partner
pyrenedip 1,4-DCB  THF 0.2 3.3 7
g/'g_BDZCB }\féggB mE 8'2 gg % is good to excellent, while the data for THF differ tremendously,
MCBZ 1,4-DCB  THF 05 4.8 1 for 1,2-DCB by almost an order of magnitude. To explain this
1,4-DCB MCBZ THF 0.5 4.5 4 apparent discrepancy, one has to be aware of the fact that the

aRelative errors are about 20% for the simulation method, while the two methods, MARY- and EPR, investigat_zﬁfferent self-
results of the initial slope method are to be considered merel)’/ as estima- exchange reactions: in MARY, the underlying electron sel-
tions. exchange takes place between a neutral molecule sadical
that is part of a radical pair(see eq 3), whereas, in the EPR

The relative error of both methods due to experimental scatter case, the electron is transferred between a neutral molecule and
is estimated to be about 20%. The initial slope method yields a free radicalaccording to eq 1. Therefore one would expect
much less reliable results which should be taken as merethat the MARY rate constants might differ from the correspond-
estimations as the following discussion shows. ing EPR values due to RP interactions which may influence

For most of the systems investigated, the two methods give the energetics of the exchange process.
comparable results, the largest differences being found for the However, RP interactions may not be the only factor affecting
system pyreneh/1,4-DCB and the MCBZ systems. The reason the exchange kinetics. In the technique applied in ref 49, the
for these discrepancies is that the initial slope method neglectsDCB radical anions are generated electrolytically in situ in the
one important fact: the slope of i, (or By) vs concentration EPR cavity which requires a supporting electrolyte (tetrabutyl-
plot is determined not only by the exchange rate condtgnt ~ ammonium tetrafluoroborate). It is known that solvents of rather
but also by other parameters, namely the HF couplings of both low polarity like THF favor the process of ion pairii§>2The
radicals of the pair. The plots of the two systems pyrene/1,4- formation of an ion pair between the DCB radical anion and a
DCB and pyrened;¢/1,4-DCB (cf. Figures 8 and 9) show corresponding counterion may be responsible for the compara-
strongly differing initial slopes, resulting in rate constants that tively slow self-exchange observed in the EPR experiment.
differ by a factor of 3.5 when evaluated via the slope. Since Alternatively, different outer sphere reorganization energies for
there is no good physical reason 1,4-DCB should exchange 3.5the exchange reactions between the RP and the molecule on
times faster when pyrendy is the fluorophore than for  one hand and between the radical and the molecule on the other
protonated pyrene, this result is to be considered as an artifacthand may be the origin for the different rate constants observed.
This problem does not emerge with the simulation method which A third reason for the observed differences may be the
inherently takes into account the HF couplings of the radicals. ghsence of a Coulombic force potential in the radical pair
The above reasoning also applies to the systems MCBZ/1,2-recombination model which would manifest itself most strongly
DCB and MCBZ/1,4-DCB. It has to be mentioned, however, in the least polar solvent, i.e., THF. This might be an indication
that the simulations for the simplified model systems (see Table of the failure of the free diffusion model and deserves some
1) used to represent the MCBZ systems reproduce the experi-future work.
mental line width behavior significantly less successfully than
for the pyrene systems, leading to less relidlevalues. 5. Conclusion

Another substantial advantage of the simulation method over  The theoretical model developed allows unprecedented
the initial slope approach is that it uses the entire information gy lations of exchange-affected MARY spectra of real RP
of the By vs concentration plot over the whole concentration gystems in a quantum mechanically exact way, covering the
range rather than being limited to the slow exchange region. yhole range from slow to fast self-exchange rates. The behavior
Thus by avoiding the arbitrary selection of data points included f the width of the MARY line as a function of self-exchange
for the Iine_ar fit t_o yield the slope, the rate c_onstants obtained (410 (broadening in the slow exchange regime, narrowing at fast
from the simulations should be far more reliable. In contrast, gychange) is documented and analyzed both experimentally and
the initial slope method rather has the character of an eSt'mat'on-theoretically for various RP systems in different solvents. The

One possibility to check the self-exchange rate constants
obtained by the MARY method is to compare them to the values (47) Mzels R.; Oksanen, M.; Vuolle, MActa Chem. Scand. 2084 38, 73.
obtained by the well-established EPR line broadening technique#®) Fuita H. Yamauchi, J.; Ohya-Nishiguchi, Nippon Kagaku Kaishi 969
(see Table 4). Although such a comparison is not entirely (49) Kattnig, D.; Mladenova, B. Personal communication.
adequate for reasons discussed in the following, it provides someg% BB A ;Mﬁﬁfe"rﬁ’ﬁ'_LﬁJ_B%rﬁgﬁ'é]ﬁ Q;“lgggegrg; 98972 94,5538,
useful orientation. For the solvents DMF and PC, the agreement(52) Kiuge, T.; Knoll, H.; Brede, OZ. Phys. Chem1995 191, 59.
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ab initio simulations provide a novel, consistent, and reliable luminescence have to be fulfilled. Moreover, the solvent has
method for the determination of self-exchange rate constantsan important influence on the occurrence and on the size of the
by MARY spectroscopy. The simple initial slope method used MFE. The choice of solvents is thus limited to those giving a
in earlier work is shown to serve merely as a crude estimation. MARY signal strong enough for an accurate determination of
We show that ab initio calculations of self-exchange require the line width.
neither extremely long computation times nor a lot of program-  Future work will focus on the study of new RP systems (such
ming efforts. At the same time they are free from the as the DCB isomers in combination with anthracene or
uncertainties concerning the accounting of spin dynamics which chrysene). The MARY spectra of these systems can readily be
the semiclassical approach, e.g., that developed by Schulten’scalculated within the all-nuclei approach presented in this work.
group?”-28 suffers from. To know just when the semiclassical The extension of the all-nuclei calculations to larger spin systems
approach can be applied would be a worthwhile investigation (like pyrened;o and MCBZ) can be achieved by implementing
which, however, is beyond the scope of this work. new, memory-saving algorithms and by using larger, more
The correctness of the rate constants obtained by the MARY powerful computers. Also, the discrepancy between the results
technique (simulation method) is proved by a comparison with from EPR and MARY will be studied in more detail in a future
corresponding data obtained by the well-established EPR line project.
broadening technique. However, such a comparison should not Another point that needs further work is the refinement of
be over-interpreted due to the somewhat different self-exchangethe model of RP recombination, in particular with respect to
reactions that are investigated by the two techniques. the inclusion of Coulombic attraction in the recombination
The strong point of the MARY technique is that it allows function.
the investigation of radicals that are extremely short-lived. The  An interesting topic on the experimental side will be the
radicals are created under mild conditions in a photoinduced investigation of the temperature dependencegfto obtain
electron transfer reaction. The demands on RP lifetime are low; activation parameters of the self-exchange reaction.
a lifetime of a few nanoseconds is sufficient, while for the — acknowledgment. Financial support from the INTAS (Project
classical CW EPR line broadening technique the radical lifetime g9.1766) as well as from the VW foundation is gratefully
should be at least 100ms. Even CIDEP (chemically induced acknowledged. N.N.L. would like to thank the RFBR (Russian

dynamic electron polarization) techniques require radical life- Fqndation for Basic Researches) for a research grant (Grant
times greater than 1@s. Thus, MARY spectroscopy is an  Number 02-03-32125).

interesting alternative to EPR in the study of electron self-
exchange kinetics of systems involving short-lived radicals.
A drawback of the MARY method is its dependence on the
photochemistry of the system to be investigated. In particular,
the requirements for the appearance of magnetic field-affectedJA0394784
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