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Magnetic field effects on recombination fluorescence in liquid iso-octane
Vladimir O. Saik,a) Agnes E. Ostafin,b) and Sanford Lipsky
Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455

~Received 10 April 1995; accepted 31 July 1995!

The 123.6 nm photoionization of deuterated isooctane at210 °C in the presence of
hexafluorobenzene has been studied by examining the effect of a magnetic field to alter the quantum
yield of recombination fluorescence. This fluorescence results from geminate recombination of
hexafluorobenzene anions with isooctane positive ions. The use of a deuterated as contrasted to a
protonated alkane makes the intensity of the recombination fluorescence much more sensitive to the
magnetic field and permits observation of two maxima in the fluorescence yield at field strengths of
0 and 411 G and a possible third maximum at 822 G. The theory of the hyperfine induced spin
evolution predicts these resonances at selected multiples of the C6F6

2 hyperfine constant of 137 G.
Utilizing the diffusion theory of geminate recombination in a Coulomb field, the experimental
magnetic field spectrum is found to be well predicted over most of the range of magnetic field
strengths studied~up to 2.5 kG! by a simple, one parameter, exponential radial probability density
of initial scavenged geminate pair separation distances. ©1995 American Institute of Physics.
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I. INTRODUCTION

Saturated hydrocarbon liquids when excited above th
liquid phase ionization thresholds, eject electrons into qua
free states of the liquid which then rapidly localize at som
distance,r 0, from the positive ion.1–3 From studies on the
electric field dependence of the photocurrent,2 it has been
deduced that the radial probability density of these sepa
tion distances is of an exponential or Gaussian form with
average distance which depends on the nature of the hy
carbon but is usually well within the Onsager radiu
r c(5e2/ekT) of ;280 Å that is characteristic of these liq
uids ~with optical dielectric constant,e52 at 25 °C!. Since
the probability for escape is the negative exponential
r c/r 0 , only a relatively small population of electrons esca
the Coulomb field of their parent positive ion and the majo
ity recombine to generate excited states of the neutral hyd
carbon.

The time for recombination can be estimated from me
surements of the mobilities of excess electrons in these flu
to be of the order of 1–10 ps.4–6 This is sufficiently rapid
that the ion-pair retains the singlet spin multiplicity wit
which it is initially formed. Accordingly, geminate recombi
nation generates low-lying excited singlet states of the n
tral whose fluorescence, when of sufficient intensity, has a
been utilized to determine features of the ionizatio
process.3,7

As was first pointed out by Brocklehurst,8 scavenging of
the ejected electron by added electroaffinic materials leng
ens the recombination time scale to times sufficiently lo
~ca. ns! to cause noticeable loss in initial singlet spin mult
plicity due to hyperfine interactions on either or both m
lecular ions. Thus any fluorescence generated by virtue
geminate ion recombination has its magnitude reduced fr
what would have been expected had their been retention

a!On leave from the Institute of Chemical Kinetics and Combustion, Novo
birsk 630090, Russia.

b!Present address: Department of Chemistry, Argonne National Labora
Argonne, Illinois.
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singlet spin. Also, since the application of a magnetic field
leads to some mixing of the hyperfine levels, the intensity of
recombination fluorescence becomes also sensitive to th
strength of this field.9

Magnetic field effects on the recombination of geminate
ion pairs have been the subject of extensive study and hav
had a variety of applications.10–19 However, there has not
been, as yet, any significant attempt to utilize these effects t
extract information on the nature of the liquid phase photo-
ionization transition. Our interest in this regard was stimu-
lated by early reports that the steady-state recombinatio
fluorescence of perfluorobenzene in a variety of saturate
hydrocarbon solvents excited with beta particles was reduce
on application of a small magnetic field but then increased a
higher fields.20 Theoretical analysis showed that this mini-
mum in the field effect was an expected consequence of th
recombination kinetics.

In the present investigation we have essentially repeate
these experiments but using 123.6 nm light rather than bet
particles and have somewhat altered the analysis of the fie
effect to accommodate Noolandi’s analytical solution to the
geminate ion pair diffusion problem.21,22 The solvent we
have used is 2,2,4-trimethylpentane~isooctane! with a liquid
phase ionization threshold;1.5 eV below2 our excitation
energy of 10.03 eV. Although the liquid phase ionization po-
tential of hexafluorobenzene is not known, its adiabatic and
vertical gas phase values are 9.91 and 10.1 eV, respectively,23

whereas the adiabatic gas phase ionization potential of isoo
tane is 9.8 eV.24 If these differences between iso-octane and
hexafluorobenzene are maintained in the liquid phase, th
positive charge transfer rate constant from iso-octane t
hexafluorobenzene is expected to be;2 to 3 orders of mag-
nitude less than diffusion controlled. Indeed for diffusion
control of the charge transfer rate constant, exoergicities o
the order of 1 eV appear to be required.25 Accordingly, the
geminate recombination of the hexafluorobenzne anion is ex
pected to be almost exclusively with an isooctane cation.

There has been no reported fluorescence from nea
iso-octane.26 The implication is that the lowest excited sin-
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7348 Saik, Ostafin, and Lipsky: Recombination fluorescence in iso-octane
glet state of this solvent~that would be generated via interna
conversions from upper excited states that do not eject
electron! is expected to live too short a time27,28 for any
appreciable electronic energy transfer to hexafluorobenz
at concentrations below 1 M. Accordingly, any observ
hexafluorobenzene fluorescence can be attributed to ge
nate recombination of hexafluorobenzene anion with the s
vent positive ion.29,30By using deuterated iso-octane, esse
tially the entire hyperfine interaction becomes centered
the hexafluorobenzene anion. This considerably simplifi
the analysis of the field effect and permits us to more relia
extract information on the ionization and recombination pr
cess from the observed magnetic field effects. Additiona
the use of deuterated isooctane sufficiently sharpens
magnetic field spectrum to reveal the presence of high fi
resonances, previously predicted by Anisimovet al.20 and
very recently observed by Molin and co-workers using x-r
irradiation.31 The analysis of these resonances is also of
sistance in studying the ionization process.

II. EXPERIMENT

The 123.6 nm line from a microwave powered krypto
resonance lamp was utilized for sample ionization. The la
was constructed of Pyrex to which was attached a 1 mm
thick LiF window. The exciting light was passed through
0.3 m McPherson 218 monochromator, operating at a ba
pass of;13 nm. A LiF lens was used to focus the excitatio
light to a spot of about 1 mm radius on the front surface
the sample cell. A 2.54 cm diam, 1 mm thick entrance L
window was attached to the cell body via an indium wi
gasket. The cell was made from nonmagnetic materials. T
cell construction permitted evacuation to a vacuum bet
then 1025 Torr. The sample fluorescence was collected at
angle of 60 °C from the excitation axis using a pair of S
prasil quartz lenses and directed onto the entrance slit o
0.5 m Bausch and Lomb monochromator, operating at ma
mal bandpass of 44 nm. The emission was usually monito
at the maximum of the spectral distribution at 355 nm.
thermoelectrically cooled photomultiplier~Hamamatsu
R943-02! was used for photon counting. Experimental spe
tra were recorded by the use of a DATA TRANSLATION
DT2801 board of an IBM PC computer and stored for su
sequent analysis. All experimental data were smoothed us
a three-channel averaging procedure. The contribution fr
stray light to the measured fluorescence intensity was de
mined by measurements made with and without a Supr
quartz flat placed in the excitation light path. Corrections f
this stray light were generally, however, quite small by virtu
of the spectral purity of the resonance lamp. The absol
yield of fluorescing states of hexafluorobenzene was de
mined by comparison of its fluorescence intensity using
123.6 nm excitation with the intensity obtained using lig
directly absorbed by the hexafluorobenzene at 254 nm.
longer wavelength light was obtained from a 30 W
Hamamatsu L879 D2-lamp. A sodium salicylate screen wa
used to determine the ratio of lamp intensities at the t
wavelengths.3

The sample cell was located between the poles o
Varian electromagnet. The magnetic field strength was m
J. Chem. Phys., Vol. 103,
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sured using an Applied Magnetics Laboratory AML-PT71-3
~103! hall effect probe with an accuracy of about 0.5 G. Th
entire cell compartment was maintained oxygen-free durin
the experiment via continuous purging with nitrogen ga
The temperature of the sample was controlled by a flow
cooled nitrogen gas through the sample cell chamber.
copper–constantan thermocouple was attached to the c
The gas flow rate was regulated by an Omega CN9000
temperature controller and maintained at a constant tempe
ture to within60.5 °C.

Isooctane~Aldrich, spectrophotometric grade! was puri-
fied by two percolations through a one meter long column
activated silica gel. The sample that was used was det
mined to have an absorption coefficient of 20 cm21 at 178
nm and showed no evidence for aromatic impurity. Deute
ated isooctane~Isotec, Inc., 98% isotopic enrichment! was
used as received. Its absorption spectrum was similar b
indicated the presence of a small~;231025 M! aromatic
impurity. No attempt was made to remove this. Benzene-d6
~Stohler Isotope Chemicals 99.5% D!, hexafluorobenzene
~Aldrich, 99.9%!, and 1,4-difluorobenzene~PCR, Inc., 97%!
were used without additional purification. Samples were d
aerated by repeated freeze–pump–thaw cycles and th
transferred to the sample cell under vacuum.

III. THEORY

Equations describing the spin evolution of a pair of elec
trons, that begin as singlet but experience isotropic hyperfi
interactions with magnetic nuclei and, simultaneously, Ze
man interactions with an externally applied magnetic fie
have been presented elsewhere.13,32 However, previous for-
mulations were found to be more general than was requir
for this investigation and, accordingly, rather difficult to ap
ply. In the Appendix 2, we offer a brief derivation which
provides an alternative but equivalent and more tractab
form for the probability that the two electrons remain single
at time t in a magnetic field,x, when only one of the elec-
trons is bound to a center containingN equivalent nuclei.
Equation~A17! gives our result for this probability,Ps(x,t),
in the case that theN magnetic nuclei each have spin 1/2
Equations ~A18! show particularly simple forms for this
probability in the limits of zero and infinite magnetic field
strength.

Equation~A17! is to be applied to the prediction of the
quantum yield for recombination fluorescence of the neg
tive ion of hexafluorobenzene with its parent positive io
~assumed for the moment, and we return to this point later,
remain intact on the time scale of the recombination!. For
this purpose, we require the integral over all time of th
product2Ps(x,t)dV(r 0 ,t) where2dV(r 0 ,t) is the prob-
ability that the geminate pair having been generated att50
at a separation distance,r 0, will have survived to timet and
decayed by recombination betweent and t1dt. This itself
must then be integrated over a probability density for initia
geminate pair separation distances. For this latter purpose
assume that the distribution is spherically symmetrical an
let f (r 0) be the pertinent radial probability density. To sim
plify our notation we first compute for a specified field
strengthx, a partial quantum yield of singlet recombination
No. 17, 1 November 1995
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7349Saik, Ostafin, and Lipsky: Recombination fluorescence in iso-octane
per geminate ion pair for a givenM andI , i.e.,fM(I ,x), and
then subsequently average this over allM and I . Accord-
ingly, we write

fM52E
0

`E
0

`

pM~ I ,x,t !
dV~r 0 ,t !

dt
f ~r 0!r 0

2dr0dt, ~1!

where pM(I ,x,t) is the probability that the system which
began as singlet with a givenI andM has remained singlet a
time, t, in the magnetic field of strengthx @see Eq.~A14!#.

The geminate ion-pair survival probability2dV(r 0 ,t)
for two charges diffusing in their mutual Coulomb field ha
been obtained as an analytical solution of the diffusion eq
tion by Hong and Noolandi.21 The form of this solution is,
however, sufficiently complicated that using it in Eq.~1! per-
mits only numerical evaluation of the partial recombinatio
quantum yield. In order to obtain an analytical form fo
fM(I ,x), we have adopted the following procedure. We fir
integrate Eq.~1! by parts to give

fM~ I ,x!512c0Vesc1E
0

`E
0

`FdpM~ I ,x,t !

dt GV~r 0 ,t !

• f ~r 0!r 0
2dr0dt, ~2!

wherec0 is the time independent term inpM(I ,x,t) @see Eq.
~A14!# andVesc, is the so-called escape probability, i.e, th
integral overr 0 of the product of the radial probability den
sity with the infinite time limit ofV(r 0 ,t),

21

Vesc5E
0

`

f ~r 0!r 0
2 expS 2

r c
r 0

Ddr0 , ~3!

where r c is the Onsager distance. Next the integral on t
right-hand side of Eq.~2! is transformed using the time de
rivative of Eq.~A14! and introducing a dimensionless time
t54Dt/r c

2, whereD is the geminate ion-pair mutual diffu-
sion constant. This permits us to re-express the recomb
tion yield in terms of what Hong and Noolandi refer to as th
scavenging function,hsc(s). Thus, we obtain

fM~ I ,x!512c0Vesc2(
iÞ j

ci j Re@hsc~si j !#, ~4!

where

hsc5E
0

`E
0

`

se2stdtV~r 0t! f ~r 0!r 0
2dr0 ~5!

and si j , for our application, is an imaginary dimensionles
frequency defined as

si j52 i uv i j ur c
2/4D. ~6!

The advantage of this formulation is that Hong and Noola
di’s scavenging function, although still a rather complicat
function ofs, has been shown@for certain forms of the radial
distribution function f (r 0)# to be well represented over a
rather wide range ins by the much simpler function

hsc~s!512~12Vesc!/~A81B8sn!, ~7!

whereA8, B8, andn ~and alsoVesc! are all determined by
f (r 0).

33 Substituting Eq.~7! into Eq. ~4! then gives us after
some algebra,
J. Chem. Phys., Vol. 103,
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fM~ I ,x!512c0Vesc2(
iÞ j

ci j Zi j , ~8!

whereci j is defined as in Eqs.~A13!–~A15! and

Zi j5
g1zi j @~11g!cos~np/2!1zi j #

11zi j @2 cos~np/2!1zi j #
~9!

with

g512~12Vesc!/A8,

zi j5C8uv i j un , ~10!

and

C85~B8/A8!~r c
2/4D !n.

The total singlet recombination quantum yieldF(x) is
now obtained by summing Eq.~8! over allM andI @see Eqs.
~A16! and~A17!#. This gives finally for the quantum yield at
a field strengthx,

F~x!5SN1k

2 D ! SN2k

2 D !
3 (

I5k/2

I5N/2

(
M52I

M5I
fM~ I ,x!

SN2 1I11D ! SN22I D ! , ~11!

wherek50 or 1 forN even or odd, respectively.
In the case thatVesc51, Eq. ~10! shows thatg51 and

therefore, from Eq.~9! thatZi j51. Since, as is clear from Eq.
~A14!, c01Sci j51, it follows from Eq. ~8! that when
Vesc51, the partial recombination quantum yield vanishes.
This, of course, is physically expected for a single geminate
pair. However, in typical experimental situations where there
exists possibilities for recombination of ions from nonrelated
geminate pairs there should be expected a singlet recomb
nation in 1/4 of such encounters. The resulting fluorescence
however, would be insensitive to a magnetic field and, there
fore subtractable as a background. For iso-octane,Vesc is
sufficiently small that this background was of negligible im-
portance.

IV. RESULTS AND DISCUSSION

The basic model that we employ here involves ionization
of iso-octane at 123.6 nm, scavenging of the ejected electro
by hexafluorobenzene, and then return of the hexafluoroben
zene anion to the parent isooctane ion with charge transfer t
generate a neutral, excited hexafluorobenzene of the sam
electron spin multiplicity as the precursor geminate pair. If
this spin multiplicity is singlet, the hexafluorobenzene will
emit its characteristic fluorescence. Any effect of a magnetic
field to alter the electron singlet population of the geminate
pair, results in a magnetic field effect on the intensity of the
recombination fluorescence.

Figure 1 shows our results at210 °C for deuterated iso-
octane containing 0.086 M hexafluorobenzene. The ordinat
is the ratio of the fluorescence intensity induced by absorp
tion of 123.6 nm light to the fluorescence intensity obtained
by direct excitation of the hexafluorobenzene in its first ab-
No. 17, 1 November 1995
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7350 Saik, Ostafin, and Lipsky: Recombination fluorescence in iso-octane
for the difference in incident fluxes at 123.6 and 254 nm
can be interpreted as the quantum yield for singlet recom
nations per absorbed photon, hereafter referred to asC. The
abscissa is the magnetic field strength,H, in units of Gauss.
Deuterating the isooctane appreciably ‘‘sharpens’’ the spe
trum over what has been previously reported by Anisimo
et al.20 The minimum atH511066 G is significantly more
pronounced, a resonance appears clearly atH541166 G and
a possible second resonance at caH582066 G. Using the
reported isotropic hyperfine constant of hexafluorobenze
in squalane at 25 °C ofa5137 G,34–36we find that the two
resonances occur very close to magnetic field strengths ofa
and 6a.

Both the minimum and the higher field resonances a
predicted by the general theory of spin evolution dynami
even without a detailed description of the diffusion proces
Indeed, as has been previously noted by Sukhenko, Pur
and Salikhov,37 the physical origins of these structures ar
already implicit in the magnetic field dependence of the e
genvalues in Eq.~A10! of the Hamiltonian of Eq.~A3!. This
assertion follows from the following simple consideration
From Eq.~A14! it is clear that at sufficiently long times, the
singlet probability,pM(I ,x,t), when averaged over some
small time interval, will, in general, at arbitrary field
strength,x, approachc0. However, if there exists a field
strength,xr , at which some pair of eigenvalueslk and ll
become degenerate, then the relevant cosine term of a
mentvklt is unity for all time, and the singlet probabilityc0
becomes augmented by the amountckl . The range inx over
which this augmentation occurs will depend importantly o
the time, but on the time scale of the geminate recombinat
in iso-octane this range is apparently sufficiently narrow
manifest the augmentation as an abrupt increase in fluor
cence intensity. As noted in the Appendix@see paragraph
following Eq. ~A11!#, for x.0, only the eigenvalues that we
have labeled asl2 andl3 can become degenerate and only
values ofxr provided by Eq.~A12!. From this equation, and
its subsequent discussion, we see that the degeneracy
quires a negative value forM ~the quantum number for the

FIG. 1. The ratio,C, of the fluorescence quantum yield of 0.086 M
hexafluorobenzene in deuterated isooctane for excitation of the iso-octan
123.6 nm to the fluorescence quantum yield for excitation of the hexaflu
robenzene at 254 nm as a function of magnetic field strength,H in Gauss.
Insert shows results at higher fields.
J. Chem. Phys., Vol. 103, N
Downloaded 09 Jun 2012 to 132.236.27.111. Redistribution subject to AIP l
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projection ofK on the field axis! but with the constraint that
uM u be less thanI . In the case of hexafluorobenzene whic
has six equivalent nuclei,34–46 (N56), total nuclear spin
quantum numbers ofI50, 1, 2, and 3 are allowed and, ac
cordingly, resonances are predicted only in theI52,M521
andI53,M522 and21 channels at values ofxr56, 6, and
12, respectively. Since the recombination fluorescence u
lizes all allowed channels of which there are five, withI52
and one withI53, the resonance atxr56 is expected to be
considerably more prominent than the resonance atxr512.
On the other hand, the degeneracies that appear atx50 ~with
l1 andl2 both becoming equal to2I21 andl3 andl4 both
becoming equal to1I ! are manifested at all possible value
of I andM . Therefore, if we imagine the magnetic field to
sweep from positive to negative~i.e., field reversed! values
@in which case Eq.~A12! continues to be valid withM now
positive#, it follows that one can expect an even more prom
nent resonance atx50.

Figure 1 confirms these predictions. The deep minimu
that is observed is simply a consequence of the resonanc
x50 and the structure that is observed at a field strength
411 G is positioned at exactly the predicted 3.0 hyperfi
constants~i.e., xr56.0!. The possible structure in Fig. 1 a
820 G, would, of course, correspond in position to the pr
dictedxr512 resonance, but signal to noise is inadequate
establish this with certainty. However, if there is structu
here, it is, as expected from our considerations of the pre
ous paragraph, much less pronounced than that at the p
tion xr56.0. An interesting consequence of this discussion
that the observation of the resonance at the predicted posi
provides an alternative to the usual ESR technique for m
surement of the hyperfine constant of selected anions in
drocarbon solutions.

As discussed in Sec. III, the yield of singlet recombina
tions,F(x), is determined from the radial probability densit
of separation distances. From Eqs.~3! and ~5! the escape
probabilityVesc and the functionhsc(s) are extracted using
some assumed form forf (r 0). The function,hsc(s) is then
least square fit to Eq.~7! and the parametersA8, B8, andn
obtained. This fitting is most simply accomplished by ma
ing a linear regression of~12Vesc!/@12hsc(s)# on sn and
extracting therefrom the intercept,A8, and the slope,B8.33

This procedure provides all of the parameters required
the evaluation of the partial singlet recombination yiel
fM(I ,x), in Eq. ~8!, and summing this over all pertinentI
andM gives the total yield of singlet recombinations,F(x),
via Eq.~11!. The connection betweenF(x), which is a yield
per scavenged geminate pair and the experimental yi
C(x), a yield per absorbed photon, is simply a proportiona
ity constant equal to the product of the photoionization eje
tion probability at 123.6 nm and the scavenging efficiency
0.086 M hexafluorobenzene. We will attempt to evaluate th
constant later. For the present, we simply determine the fo
of f (r 0) that best fits the general shape of the spectrum
Fig. 1.

Two radial density probability functions an exponentia
and a Gaussian have been commonly considered in attem
to fit to Onsager’s theory of geminate ion escape the dep
dence on electric field strength of the photocurrent from ne
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7351Saik, Ostafin, and Lipsky: Recombination fluorescence in iso-octane
isooctane or of ionizable solutes dissolved in is
octane.2,38,39They are both functions of one variableg and
can be expressed in normalized form as

f ~r 0!5g1
3/2 exp~2g1r 0!,

~12!
f ~r 0!5~4g2

3/Ap!exp~2g2
2r 0

2!,

where the average separation distance^r 0& i is connected to
gi as

^r 0&153/g1 ,
~13!

^r 0&252/Apg2 .

Although these distribution functions describe well the sep
ration distances of the thermalized electron population t
results from photoionization, we assume here that the sa
form of distribution function can be used to describe t
population of scavenged electrons, albeit with possibly d
ferent parametersgi . We will return to this and other as
sumptions implicit in the use of these functions later.

In Table I we show for each of these functions, and
selected values ofgi , the parametersA8, B8, andn that pro-
vide the best least square fits to the Noolandi scaveng
function, hsc(s) over a range ofs from 0.1 to 1000. Also
shown in Table I are the escape probabilities predicted by
~3! for each choice off (r 0) and for the selected values ofgi .
Figure 2 shows the quality of the fit for representative entr
in Table I. The points in Fig. 2 are the ratios,Q,
$5~12Vesc!/@12hsc(s)#%. These points were obtained vi
Eqs.~3! and~5! using the radial density function and numer
cal values of the Noolandi-Hong functionV~t,r 0! at selected
t and r 0.

22 The solid lines are nonweighted least square fi
of Q to the linear regressionA81B8sn. As expected from
previous reports,33 the fits are very good~and over a much
larger range ins than previously studied! with standard de-
viations onA8 andB8 of the order of 0.1%–0.2%.

Figures 3 and 4 show some predictions of Eq.~11! using
the parameters of Table I for the exponential and Gauss
functions at values ofgr c517.5 and 7.8, respectively. The
experimental data, from Fig. 1, are shown plotted in Figs
and 4 as the ratio [C(x)2C(x0)]/C(x0) with x0514.8 cor-

TABLE I. Least-square diffusion parameters,n, A8, andB8 for exponential
and Gaussian radial probability distributions for various values ofgr c and
their corresponding escape probabilities,Vesc.

gr c Vesc

Exponential

n A8 B8

17.0 0.013 20 0.660 1.000 0.048 1
18.0 0.011 01 0.660 1.000 0.042 6
19.0 0.009 23 0.655 0.996 0.039 4
20.0 0.007 76 0.654 0.995 0.035 6

Gaussian

gr c Vsec n A8 B8

7.0 0.006 35 0.800 1.011 0.023 4
8.0 0.003 60 0.790 1.004 0.017 8
8.5 0.003 20 0.785 1.001 0.015 5
9.0 0.002 07 0.780 0.999 0.014 1
J. Chem. Phys., Vol. 103, N
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responding to a field strength of 1.01 kG. Equation~11! is
similarly displayed as [F(x)2F(x0)]/F(x0). For the gemi-
nate pair mutual diffusion constant,D, and Onsager radius
(r c5e2/ekT) in Eq. 10, we have used the values 3.1831025

cm2/s and 321 Å, respectively.40–43 In Figs. 5 and 6 we ex-
plore the sensitivity of the predictions to some other valu
of gr c albeit close to those in Figs. 2 and 3. In Figs. 7~a! and
7~b! we show predictions for the exponential and Gaussi
distributions, respectively, using significantly smalle

FIG. 2. The parameterQ as a functionsn for ~a! an exponential radial
probability density withgr c518, ~b! for a Gaussian radial probability den-
sity with gr c58.0.

FIG. 3. The 123.6 nm yield of recombination fluorescence~C! at a field
strength,x, minus the yield~C0! at a field strengthx0514.8 ~51.01 kG!
divided by C0 for the system 0.086 M hexafluorobenzene in deuterat
iso-octane at210 °C. Experimental data are shown as filled circles. Th
solid line is the corresponding theoretical prediction,~F2F0!/F0, using an
exponential radial probability density withgr c517.5. The theoretical pre-
diction for the quantum yield of singlet recombinations at the normalizati
field of x0514.8 isF050.716. Insert shows results at higher fields.
o. 17, 1 November 1995
 license or copyright; see http://jcp.aip.org/about/rights_and_permissions



o
t

e
all
the

in

e

t
h

r

s
e

o-
y

o-
he
c-

o-

r of
n

the

7352 Saik, Ostafin, and Lipsky: Recombination fluorescence in iso-octane
values ofgr c of 7.0 ~for whichB8/A850.168,n50.750, and
Vesc50.107! and 2.0~for which B8/A850.31,n50.908, and
Vesc50.168!. For these more diffuse distributions, the res
nances become displayed more prominently. For all of
theoretical curves in Figs. 3–7, the absolute singlet recom
nation probabilities can be calculated using the values
F(x0) at the normalization field ofx0514.8 that are pro-
vided in the figure captions.

FIG. 4. The 123.6 nm yield of recombination fluorescence~C! at a field
strength,x, minus the yield~C0! at a field strengthx0514.8 ~51.01 kG!
divided by C0 for the system 0.086 M hexafluorobenzene in deutera
iso-octane at210 °C. Experimental data are shown as filled circles. T
solid line is the corresponding theoretical prediction,~F2F0!/F0, using a
Gaussian radial probability density withgr c57.8. The theoretical prediction
for the quantum yield of singlet recombinations at the normalization field
x0514.8 isF050.749. Insert shows results at higher fields.

FIG. 5. Theoretical predictions for the yield of singlet recombinations~F! at
a field strength,x, minus the yield~F0! at a field strengthx0514.8 ~51.01
kG! divided by F0 for the system hexafluorobenzene in deuterated is
octane at210 °C as a function ofx assuming an exponential probability
density of initial geminate ion separation distances with range paramete
gr c517 ~a!, 18 ~b!, 19 ~c!, and 20~d!. For each of these range parameter
the theoretical predictions for the quantum yield of singlet recombination
the normalization field ofx0514.8 are 0.710, 0.727, 0.742, and 0.757, r
spectively.
J. Chem. Phys., Vol. 103,
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As will be briefly discussed later, the magnitude of th
zero field resonance is expected to be very sensitive to sm
perturbations. These have the effect of removing some of
degeneracies atx50, and, accordingly act to lower the yield
of singlet recombinations below that predicted by Eq.~11!. It
was for this reason that we chose to normalize all spectra
Figs. 3–7 at a field strength~i.e., 1.01 kG! at which the
sensitivity to such perturbations is much reduced. As will b
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FIG. 6. Theoretical predictions for the yield of singlet recombinations~F! at
a field strength,x, minus the yield~F0! at a field strengthx0514.8 ~51.01
kG! divided by F0 for the system hexafluorobenzene in deuterated is
octane at210 °C as a function ofx assuming a Gaussian probability densit
of initial geminate ion separation distances with range parameters ofgr c57
~a!, 8 ~b!, 8.5 ~c!, and 9~d!. For each of these range parameters, the the
retical predictions for the quantum yield of singlet recombinations at t
normalization field ofx0514.8 are 0.711, 0.757, 0.781, and 0.798, respe
tively.

FIG. 7. Theoretical predictions for the yield of singlet recombinations~F! at
a field strength,x, minus the yield~F0! at a field strengthx0514.8 ~51.01
kG! divided by F0 for the system hexafluorobenzene in deuterated is
octane at210 °C as a function ofx assuming~a! an exponential probability
density of initial geminate ion separation distances with range paramete
gr c57, ~b! a Gaussian probability density of initial geminate ion separatio
distances with range parametergr c52. For ~a! and ~b!, respectively, the
theoretical predictions for the quantum yield of singlet recombinations at
normalization field ofx0514.8 are 0.492 and 0.461.
No. 17, 1 November 1995
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7353Saik, Ostafin, and Lipsky: Recombination fluorescence in iso-octane
observed from Figs. 2 and 3, this appears to work very w
For both the exponential and Gaussian distribution functio
a single value ofgr c permits close matching of the exper
mental and theoretical curves over most of the spectrum.
can be seen from Figs. 4 and 5, the theoretical curves
very sensitive to the parameter,gr c and permit us to fix its
value to within ca.60.2 unit.

Our best values forgr c for the two distributions are 17.5
~exponential! and 7.8~Gaussian! corresponding to an aver
age separation distance of the scavenged electron from
geminate positive ion of̂ r 0&555 and 46 Å, respectively.
Except atx50, both distributions fit rather well over most o
the range in magnetic field strength. However, it will b
noted that the Gaussian does not predict the position of
minimum as closely as does the exponential and also un
estimates the magnitude of the resonance peak atx56. An
analysis of the theory shows the magnitude of thex56 peak
to be very sensitive to the time available for spin evolutio
increasing as this time increases~see Fig. 7!. Apparently, the
much faster fall-off of the Gaussian at large separation d
tances alters this time sufficiently to generate the obser
effect. The propriety of using this criterion for distinguishin
the two distribution functions is discussed later.

The values ofgr c517.5 and 7.8 for the exponential an
Gaussian distributions of scavenged pairs are significan
larger than those reported by Casanovaset al.2 of 6.2 and 2.1
for the distribution of thermalized electrons as deduced fro
the electric field dependence of photocurrent from neat i
octane excited at 123.6 nm. The direction of the disparity
such as to suggest that the distribution of scavenged pai
significantly more compact than that of the thermalized ele
trons in the absence of scavenger. Consistent with this
have found that the steady-state photocurrent from iso-oct
~at 2 kV/cm! is strongly reduced on addition of C6F6. Mea-
surements at 20 kV/cm of the photocurrent from iso-octa
at several concentrations of C6F6 indicate that the ratio of
photocurrent with scavenger added to that without, i.e.,J0/J,
is linearly increased up to 0.1 M with a slope of 1761
M21.44

Similar effects of scavengers have been previously
ported in photoionization studies of TMPD in saturated h
drocarbon solvents excited at 5.80 eV and attributed to
prethermalization of the electron, most plausibly via electr
capture by the scavenger.45 In the case of iso-octane solven
containingn-perfluoheptane,J0/J was found to be linear on
scavenger concentration up to 0.2 M with a slope also of
M21. Subsequent studies of the electric field dependence
the TMPD photocurrent46 directly confirmed the effect of the
C7F16 to make more compact the distribution function. It wa
observed that the exponential distribution function wh
continuing to fit the Onsager theory over the entire range
scavenger concentration up to 0.13 M, requiredg1r c to in-
crease from 11.9 at zero concentration to 18.5 at 0.13 M~with
an interpolated value of 16.5 at 0.086 M!.47 Unfortunately,
we do not have the electric field dependence of the pho
current from isooctane in the presence of C6F6, but the simi-
larity of the effects of C6F6 and C7F16 to reduce the steady
state photocurrent from isooctane and the similarity in t
values ofg1r c required to fit the data to the relevant mag
J. Chem. Phys., Vol. 103,
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netic and electric field theories, is clearly suggestive of a
common mechanism operating.48,49

Returning to the comparison of the exponential and
Gaussian distribution functions, we note from Table I, at the
relevant values ofgr c of 17.5 and 7.8, respectively, that the
escape probabilities are predicted to differ by a factor of
;3.0 ~5Vesc1/Vesc25.0121/.00402!. Similarly large differ-
ences have been predicted in photoionization measuremen
of TMPD in iso-octane. This large disparity, however, has
not usually provided a means for distinguishing the two dis-
tribution functions. Absolute photoionization current mea-
surements provide only a quantum yield for escaped charg
which is the product ofVesc with an unknown molecular
photoejection probability,f6 . Although f6 must be less
than unity, this upper bound, by itself, is not always adequate
for reliable distinction. On the other hand, as discussed
above, the sensitivity of thex56 resonance to the form of
the tail of the distribution function appears to more defini-
tively provide a discriminating criterion. Since any perturba-
tions in the real system will always have the effect to make
less pronounced the appearance of this resonance, we ca
safely conclude that its theoreticalunderestimationusing ei-
ther the Gaussian or the exponential distribution is a clea
indication of the inadequacy of both distributions. Of course,
of the two, the exponential seems somewhat superior, base
on its predictions with regard to the position of the minimum
and the shape of thex53 resonance. But clearly, a distribu-
tion function which falls off more slowly with increasingr 0
is required. A similar need has been reported to develop from
attempts to explain the yields of escaped electrons from hig
energy x-ray irradiated iso-octane.4 In this case it has been
suggested that to a Gaussian distribution function at smallr 0
~i.e., ,2.4gr c! be appended, at larger distances, anr 0

23

power law tail. We have not yet made any quantitative at-
tempts to fit the magnetic field dependence to multiparamete
distribution functions. More highly resolved spectra will be
required for this purpose.

Unlike the x56 resonance, the magnitude of the reso-
nance atx50 is alwaysoverestimatedby the theory. This, as
indicated earlier, is most plausibly due to a higher sensitivity
of the x50 resonance to a variety of perturbations50,51 that
act to remove the pertinent degeneracies. Depending on th
nature of the perturbation, this additional sensitivity may be
a simple consequence of the field dependence of the eige
values in Eq.~A10!, namely, that the lower field degenera-
cies are more sensitive to change in field strength than ar
those at higher fields. Thus, in the case of hexafluorobenzen
with N56, we find that atx50 wherev125v3450, that
(dv12/dx) and (dv34/dx) are both larger than (dv23/dx) at
x56 and 12~wherev2350! by factors of about 3 and 10,
respectively. The effect of this is to make thex50 signifi-
cantly sharper than the two other resonances~see Fig. 7!.

Measurement of the recombination fluorescence pro
vides us, as noted earlier, with the quantum yield,C(x) for
singlet recombinations per absorbed photon whereas th
theory of the magnetic field effect provides us with the quan-
tum yield for singlet recombinations per scavenged electron
Their ratio is simply the product off6 with the scavenging
probability, psc. Although the latter is unknown for C6F6 in
No. 17, 1 November 1995
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the other channels~e.g., proton transfer! are too rapid for 1

7354 Saik, Ostafin, and Lipsky: Recombination fluorescence in iso-octane
iso-octane, it can be estimated using the equation,33

psc5Bcn/~11Bcn!,

where

B5B8~ksr c
2/4D !n, ~14!

with ks being the electron attachment rate constant,D, the
diffusion constant of the electron andB8 andn determined
by the distribution function for geminate pair radial separ
tion distances. Takingg1r c512 for neat iso-octane48,49gives
n50.7 andB850.1. Forks we have used the reported valu
5.631013 M21 s21 for hexafluorobenzene in iso-octane.52

Substitution of thisks into Eq. ~14! together withr c5321 Å
andD50.1 cm2/s ~from an electron mobility in iso-octane o
4.6 cm2/V s! ~Ref. 53! gives psc50.75 at 0.086 M. Using
this, together with both the experimentalC50.20 at 1 kG
~see Fig. 1! and with the theoretical quantum yield for single
recombination of 0.72 also at 1 kG~see caption to Fig. 3!, we
obtain finally an estimate off6 of 0.360.1, in approximate
agreement with an earlier reported photoelectric value
0.47.

2

A few preliminary measurements were made using 1
difluorobenzene and 1,3,5-trifluorobenzene in nondeutera
iso-octane. The 1,3,5-trifluorobenzene had been reporte
have a fluorescence quantum yield of 0.018~Ref. 54! which
is about 1/2 of that from hexafluorobenzene,30,54 but our
measurements indicate a quantum yield at least 2.53 lower
than this and, accordingly, too low for the sensitivity of ou
magnetic field measurements. The 1,4-difluorobenzene g
results shown in Fig. 8~b!. For comparison we also show in
Fig. 8~a! results for hexafluorobenzene in nondeuterated i
octane. As can be seen, only rather weak zero field re

FIG. 8. The ratio,C, of the fluorescence quantum yield of~a! 0.086 M
hexafluorobenzene and~b! 0.097 M 1,4-difluorobenzene in nondeuterate
iso-octane for excitation of the iso-octane at 123.6 nm to the fluoresce
quantum yield for excitation of the fluorocarbon at 254 nm as a function
magnetic field strength,H in Gauss.
J. Chem. Phys., Vol. 103,
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nances are observed and no indication for any higher fie
resonances. Perturbations via hyperfine interactions on th
isooctane cation, in the case of the C6F6 and, additionally, for
the 1,4-difluorobenzene on nonequivalent centers of the a
ion ~with isotropic hyperfine constants of 5.30 and 1.75 G fo
the protons and fluorines, respectively35! are most plausibly
important contributors to the loss of the resonance
structures.51

Charge transfer between the C6F6
2 anion and neutral

C6F6 can reduce the anion–cation spin correlation and mak
less pronounced the magnetic field effects. Such charg
transfer has been detected by monitoring the concentratio
dependence of the linewidth of the optically detected ESR
spectrum of x-ray irradiated C6F6 in squalane and reported to
be diffusion limited.50 Although we have not yet made care-
ful studies of the concentration dependence of the magnet
field effects in deuterated isooctane, preliminary measure
ments show no evidence for significant contribution from
such charge transfer processes at least in the photoionizati
process at 123.6 nm and at concentrations up to 0.1 M.

Irradiation of saturated hydrocarbon liquids with 2 MeV
electron pulses has yielded no evidence from fluorescen
detected magnetic resonance~FDMR! for the existence of
stable parent hydrocarbon ions~RH2

1! on time scales greater
than ;1 ns. Instead, only parent minus H2 olefin radical
cations~i.e., R1! are observed.15,55If the olefin radical cation
retains the spin polarization of the parent ion~and the obser-
vation of FDMR suggests this to be the case in at least som
of the decays!, then such fragmentation, even were it occur-
ring under our photoexcitation conditions, would have no
effect on the magnetic field spectra so long as this fragmen
tation were theexclusivedecay channel of RH2

1 . However,
there is also reported indirect evidence for the existence of a
additional decay channel involving a bimolecular proton
transfer reaction to form a neutral radical~RH!, and a non-
magnetic cation~RH3

1!.15,55The effect of such a transforma-
tion would be to cause a loss of recombination fluorescenc
~since the proton affinities of RH2 are generally too large for
excitation of the hexafluorobenzene anion on recombina
tion!.

In order to seek evidence for transformations of RH2
1 to

nonfluorescent species and/or to species which provide no
magnetically sensitive recombination fluorescence, we hav
studied the effect of the addition of 1 M deuterated benzene
on the magnetic field spectra and on the quantum yield o
fluorescence. The benzene, with a;0.6 eV lower ionization
potential than isooctane, should effectively capture the isooc
tane positive charge to form the benzene radical cation~the
thermoneutral proton transfer to benzene under these con
tions is unlikely!, converting thereby any intercepted decay
channel to one with magnetically sensitive light. However
there was observed no effect. The yield of recombinatio
fluorescence, as well as its magnetic field dependence we
both essentially unaffected~within ;10%! upon addition of
the benzene, implying thereby the absence of any significa
decay of isooctane radical cation via channels other than th
which provide magnetically sensitive light~at least under our
photoexcitation conditions at210 °C!. The alternative, that
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7355Saik, Ostafin, and Lipsky: Recombination fluorescence in iso-octane
M benzene to intrude, would require a decay constant of
isooctane so large, that we would be unable to explain r
sonably either the yield of recombination fluorescence, or
magnitude of the observed magnetic field effect. A mo
complete analysis of the influence of multichannel ion dec
on the magnetic field effect in other solvents~wherein we
have indeed observed benzene to exert a significant in
ence!, will be presented elsewhere.

V. CONCLUSIONS

The general theory of hyperfine-driven spin evolution
a geminate pair of ions diffusively recombining in their mu
tual Coulomb field predicts well the experimental effect of
magnetic field on the recombination fluorescence of deu
ated iso-octane cations with hexafluorobenzene anions g
erated by the absorption of 123.6 nm light by the iso-octa
In the case that the entire hyperfine interaction is confined
a single ion containingN equivalent nuclei,~as is the case in
the system studied here withN56 for the fluorines of the
C6F6 anion!, resonances in the dependence of fluoresce
quantum yield on magnetic field strength are predicted a
observed at magnetic field strengths ofH50, 3a, and 6a,
wherea is the anion hyperfine constant. Although for C6F6
anion,a is known from ESR measurements to be 137 G, t
resonance at 3a is sufficiently well defined to permit an in-
dependent determination ofa exclusively from its magnetic
field position in a simple measurement of the recombinat
fluorescence.

The magnitudes and shapes of the resonances are
dicted and observed to be very sensitive to the detailed
havior of the radial probability density of initial geminat
pair separation distances, and, most importantly, to their
havior at large distances. Although one parameter expon
tial, and one parameter Gaussian probability densities bot
extremely well the experimental field dependence of t
quantum yield of recombination fluorescence over most
the range inH, they both tend to considerably overestima
the yield atH50 and to slightly underestimate it atH53a.
The resonance at 6a was too weak for quantitative study
The overestimation atH50 is largely contributed to by the
theory’s neglect of perturbations in the real system that te
to remove the degeneracies responsible for the resona
However, the prediction of the magnitude of theH53a
resonance, which is much less sensitive to these pertu
tions, is considered to be underestimated by virtue of
rapid a decline in both exponential and Gaussian distribut
functions at large values of the initial geminate pair sepa
tion distances. A power law tail appended to either of the
distributions would be sufficient to accommodate the expe
mental results.
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APPENDIX

We consider first the case of two electrons, 1 and 2, both
moving in a homogeneous magnetic field of strengthH but
with only one of the electrons bound to a nucleus of spinI .
For basis vectors we choose a direct product of spin an
spatial functions, i.e.,

uC&5uISKM&uu~1,2!&, ~A1!

whereI , S, K, andM label quantum numbers of the nuclear
spin, the electron spin, the total spin, and its projection on
the direction of the magnetic field.

For two electrons, we need only consider the following
four spin functions for each possibleM :

uX1&5uI0IM &,

uX2&5uI1IM &, ~A2!

uX3&5uI1I11M &,

and

uX4&5uI1I21M &.

The only constraint on the spatial function is that it be sym-
metrical or antisymmetrical in exchange of the positions of
the two electrons depending on whether it is linked to a spin
function withS50 or S51, respectively.

The conventional Hamiltonian for this problem ex-
presses the isotropic hyperfine interactions of the two elec
trons with the one nucleus and the Zeeman interaction of th
two electrons with the magnetic field,H. We ignore the
nuclear Zeeman interaction~which is anyhow quite small at
the fields we employ! and any difference ing value for the
two electrons. Thus,

H5a@d~1!I•S11d~2!I•S2#1bH•~S11S2!, ~A3!

wherea andb are expressed in terms of the bohr and nuclea
magnetrons,mB andmN , the electron and nuclearg values,
ge andgn @i.e.,a5~8p/3!(mBmNgegn) andb5gemB#, andI
andS are in units of\.

By virtue of the constraint on the spatial function, and
the assumption that only one of the electrons is bound,~i.e.,
experiences the hyperfine interaction!, it follows directly that
the hyperfine part ofH may be re-expressed as

Hhf5kI•~S16S2! ~A4!

for matrix elements which are diagonal~upper sign! or off-
diagonal~lower sign! in the quantum numberS. The param-
eterk@5a^u(1,2)ud(1)uu(1,2)&# is one-half of what is usu-
ally referred to as the isotropic hyperfine coupling constant
a.

The elements ofHhf that are diagonal in all four spin
quantum numbers are most easily obtained using the wel
known identities for a coupled representation of two angula
momenta,58 i.e.,

^I ,S,K,M uI–SuI ,S,K,M &

5
@K~K11!2I ~ I11!2S~S11!#

2
~A5!

and
No. 17, 1 November 1995
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7356 Saik, Ostafin, and Lipsky: Recombination fluorescence in iso-octane
^I ,S,K,M uSzuI ,S,K,M &

5
@K~K11!2I ~ I11!1S~S11!#M

2K~K11!
, ~A6!

whereSz is the projection of~S11S2! on H.
The off-diagonal hyperfine Hamiltonian commutes wi

I 2, K2, andKz ~i.e., the projection ofK onH! and, therefore,
can only link uX1& with uX2&. The Zeeman Hamiltonian com
mutes withI 2, S2, andKz and linksuX2& with uX3& and uX4&,
but being a vector operator, cannot linkuX3& and uX4& for
which DK52. The nonzero matrix elements of the tot
Hamiltonian are obtained from the identities56

^I ,1,I ,M uI•~S12S2!uI ,0,I ,M &5AI ~ I11! ~A7!

and

^I ,S,K,M uSzuI ,S,K21,M &

5A@K22~ I2S!2#@~ I1S11!22K2#@K22M2#

4K2~4K221!
. ~A8!

Using Eqs. ~A5!–~A8!, the nonvanishing matrix ele-
ments ofH ~in units of k! in the uXi& representation can be
expressed in terms of a dimensionless magnetic field stren
x5bH/k as

H125AI ~ I11!,

H225211
Mx

I ~ I11!
,

H235
xAI

~ I11!
A~ I11!22M2

~2I11!
,

~A9!

H245
x

I
A~ I11!~ I 22M2!

~2I11!
,

H335I1
Mx

~ I11!
,

H4452I212
Mx

I
.

Solving for the eigenvalues,li ~in units ofk! gives

2l15212x2@~x11!214R#1/2,

2l25211x2@~x21!214R#1/2,
~A10!

2l35212x1@~x11!214R#1/2,

2l45211x1@~x21!214R#1/2,

where

R5I ~ I11!1Mx. ~A11!

It is important to recognize, at this point, that sinceM
cannot exceedK, the eigenvectoruX4& does not exist forM5
6I , andH is reduced to only three eigenvalues. Examin
tion of the secular determinant shows that it is eitherl1 or l2
that must be eliminated depending on whetherM is 1I or
2I respectively. Similarly, whenM56(I11) there can be
only one eigenvalue, i.e.,H44.
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From Eqs.~A10! and ~A11! it follows that atx50, and
for any value ofM , the eigenvaluesl1 andl2 both become
equal to2I21 and the eigenvaluesl3 andl4 both become
equal toI . Although these degeneracies are split as the fiel
is applied, it is important to note, as is developed in the tex
that at a fieldxr , such thatR50, i.e., at

xr5
2I ~ I11!

M
, ~A12!

a new degeneracy appears with the eigenvaluesl2 and l3
both becoming equal to zero. Since, as noted above, the e
genvaluel2 does not exist forM52I , Eq. ~A12! is only
satisfied for 0.M.2I .

The eigenvectors ofH, hereafter referred to asuli&, can
now be displayed in terms of the basis set. However all tha
we require is the coefficient^l i uX1&, since att50 the system
starts out as singlet~i.e, the spin stateuX1& with some value
of M !, and, therefore, at any subsequent timet, the probabil-
ity amplitude for the system to be still singlet is
u^l i uX1& u2 exp~2ikl i t/\! summed over alli . A straightfor-
ward calculation shows that

u^l i uX1&u22511
l i
2

I ~ I11!

1
x2

~2I11! F ~ I11!22M2

~ I11!~ I2l i7x!2

1
~ I 22M2!

I ~ I111l i6x!2G , ~A13!

where the upper sign is to be used for the eigenvaluesl1 and
l3 and the lower sign forl2 andl4. Accordingly, the prob-
ability that the system which began inuX1&5uI0IM & at t50,
will remain with S50 at timet is

pM~ I ,x,t !5c01(
iÞ j

ci j cosv i j t, ~A14!

where

c05S i u^l i uX1&u4,

ci j52u^l i uX1&u2u^X1ul j&u2, ~A15!

and

v i j5k~l i2l j !/\.

SinceKz commutes withH, and the initial excitation,
we presume, generates an incoherent superposition ofM
states with equal probabilities, thetotal singlet probability is
simply obtained by averaging Eq.~A13! over all possible
initial values ofM from M52I to 1I . We refer to this
probability asp(I ,x,t),

p~ I ,x,t !5 (
M52I

M5I
pM~ I ,x,t !

~2I11!
. ~A16!

In the case that the single nucleus is replaced byN
equivalent magnetic nuclei each of spin 1/2, we can trea
each of the possible values of total nuclear spin fromI50 to
I5N/2 independently. This, of course too is a consequenc
of the commutation ofI 2 with the hyperfine Hamiltonian.
No. 17, 1 November 1995
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Accordingly, the total singlet probability for arbitraryN,
hereafter referred to asPs(x,t), can be written as

Ps~x,t !5SN1k

2 D ! SN2k

2 D !
3 (

I5k/2

N/2
~2I11!

SN2 1I11D ! SN22I D ! p~ I ,x,t !,

~A17!

wherek is 0 or 1 depending on whetherN is even or odd and
where the coefficient ofp(I ,x,t) is simply the fraction of
states with a specified value ofI . ~e.g., forN56, this fraction
is 1/20, 5/20, 9/20, and 5/20 forI53,2,1, and 0 respectively!.
For evenN, Eq. ~A17! assumes a much simpler form in th
two limiting cases of zero and infinite magnetic fiel
strength. For these two cases we obtain

Ps~0,t !5F N12

2~N11!G2
N

2 FcosN21~kt/\!

2SN12

N11D cosN11~kt/\!G ~A18!

and

lim Ps~x,t !
x→`

5
@11cosN~kt/\!#
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