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Solvent-Solvent Energy Migration in 
Liquid Scintillators. Part II 
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Aerospace Research Laboratories, Wright-Patterson Air Force Base, Ohio 
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Abst rac tThe  quenching of benzene monomer fluorescence by biacetyl a t  28°C is 
studied as a function of dilution with hesane and cyclohexane. The component of 
the overall transfer rate constant, attributable to solvent-solvent energy migration 
is shown to vary linearly with benzene concentration and is independent of the 
diluent. The results are discussed in the light of the work of other authors. 

The transfer of electronic excitation energy in an organic liquid scintil- 
lator results ultimately from a resonance interaction between solvent 
molecules (donor) and solute molecules (acceptor).' It has been suggest- 
ed2.3 that the transferring species are promoted to  their critical transfer 
distances either by solvent to  solvent migration of the excitation energy 
(a resonance interaction between the solvent molecules) and/or by 
material migration? i.e., diffision. Thus, in general, the overall rate of 
energy transfer in such systems is expected to depend on the strengths 
of the resonance interactions mentioned and on the simultaneous effect 
of the mutual diffusion of t,he transferring species during the lifetime 
of the excited state of the donor. Since the theoretical treatment of the 
combined effect of diffusion and long range resonance transfer has thus 
far not been of general a p p l i ~ a t i o n , ~ , ~  the task of extricating and evaluat- 
ing the contribution of solvent-solvent energy migration in liquid scin- 
tillators has proved difficult. It has been shown recentlylO that  if a 
suitable acceptor is used, long range resonance transfer can by eliminated 
and the overall transfer process with a rate constant k, can be reduced 
t o  a competition between material migration with rate constant k, , 
and solvent-solvent energy migration with rate constant k, , permitting 

* In partial fulfillment for the M. S. degree, Air Force Institute of Technology 
Wright-Patterson Air Force Base, Ohio. 
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34 ORGANIC SCINTILLBTOES 

a less ambiguous assessment of the contribution of the latter. I n  this 
manner it was demonstrated that the rate constants k, for the quenching 
of the monomer fluorescence of neat (undiluted) benzene, toluene and 
p-Xylene by biacetyl in aerated and in degassed systems at room tem- 
perature, were at  the very least twice the values kd expected on the basis 
of the diffusion process alone, and increased in the order benzene, toluene 
and p-Xylene. These results established with certainty a contribution 
other than diffusion, to the overall rate constant for the transfer process. 
This contribution k, = kt - kd is the rate constant due to "solvent- 
solvent migration ". 

The aim of the present study was t.0 obtain, for benzene, the functional 
dependence of kA on donor concentration in order to  shed more light 
on the mechanism responsible for its manifestation and to probe the 
reasons for the apparently conflicting reports2' 11-16 about the existence 
of this process in scintillator systems. The diluents hexane and cyclo- 
hexane were chosen because their viscosities lie respectively below and 
above that of benzene, causing decreasing and increasing diffusional 
rates in the mixtures, with increasing benzene concentration. 

1. Experimental 

Materials 

Biacetyl, spectroquality benzene, hexane and cyclohexane were ob- 
tained from Matheson, Coleman and Bell. The biacetyl was distilled 
in the dark, the middle fraction being retained for the experiments. 
The other materials were used without further treatment. 

Apparatus and Technique 

The quenching measurements were made in aerated solutions a t  28°C 
with an excitation wavelength il = 2400 A. The apparatus used was the 
AMINCO spectrophotofluorometer, equipped with a 150 W Hanovia 
901C-1 source, a lP28 photomultiplier and front face attachment. 
Background corrections an general procedure were as described pre- 
viously."J In  the front face mode, the benzene concentrations were kept 
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THEORY AND MECHANISMS 1. ENERGY TRANSBER 35 

in the range 1.6-1 1.25 M to preserve the viewing geometry of the detect- 
ing system. The quenching coefficients for the infinitely dilute benzene 
solutions in hexane and in cyclohexane were obtained from observations 
a t  90" to  the incident radiation. 

2. Approach and Results 

The kinetic scheme applicable t o  neat-donorlacceptor systems has 
been discussed previously.1° It is repeated here, without discussion, for 
the convenience of the reader. 

D + hv + D* [I] A + hv + A* [1'1 
D* + D + hv, [2] A* + A  + hvA [2'1 
D* -+Do+D [3] A* 4 A or3A ~3'1 
D * + D + D ;  [4] A* + A -+ quenching [4'] 

D,* + D*+ D [5] 

.D$ + 20 + hv,,[6] 
D; + 2 0  0r3D; [7] 
D*+ 0, 4 quenching [S] A* + 0, + quenching [S'] 

D* + A 4 D + A* [91 

where FL and F ,  refer to the emission of the neat donor in the absence 
and in the presence of A ,  KO and (K&, are the quenching coefficients in 
the degassed and aerated liquids and tD and ( T ~ ) ~ ,  are the corresponding 
lifetimes. I n  the case of air saturated solutions, 

where t4, the actual lifetime of the excimer is defined as tD, = (k5 + k, 
3* 
+ k,). l. 
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36 ORGAXIC SCIMTITLATORS 

Approach 

The approach taken for this work was similar to that described 
previouslylo. Biacetyl was used as the acceptor in order to insure short- 
range, diffusion-controlled transfer. Under these conditions, the con- 
tribution of solvent-solvent migration k, to  the overall rate constant k, 
for the transfer process is defined as k, = kt - k, , where k, is the contri- 
bution from material migration (diffusion). The object here is to obtain 
k, for the system benzene/biacetyl as a function of the diluents hexane 
and cyclohexa,ne. For this purpose, k, was obtained experimentally 
by the method described below, whereas kd was calculated from an appro- 
priate form of the Smoluchowski equation also discussed below. 

Determination of kt 

k, was obtained from measured quenching coefficients (K&, = kt(z,),, 
and from measured values of (t&, the actual lifetime of the aerated 
donor benzene. Thus k ,= (KQ)c*/(rD)oe. The quenching coefficients 
needed were obtained from the slopes of Stern-Volmer diagrams Eq. (2) 
for the quenching of benzene monomer emission by biacetyl a t  28°C. 
These were measured a t  various dilutions of benzene with hexane and 
cyclohexane and the results are shown in the first two rows of Table 1. 

The lifetimes of benzene monomer emission at the corresponding con- 
centrations of benzene in aerated hexane were determined by Ivanova 
et  a1.I’ and are listed in row 3 of Table 1. The corresponding values of 
the lifetimes in cyclohexane were not available and were estimated from 
the relative intensities of benzene monomer emission in hexane Fg and 
Fg in cyclohexane, according to the approximate relation 

where rg and 7; = benzene monomer lifetime in aerated cyclohexane 
and hexane respectively ; nc and nH = refractive index of cyclohexane 
and hexane. The lifetimes in cyclohexane obtained in this manner are 
reported in row 4 of Table 1. From these lifetimes and the measured quen- 
ching coefficients, the overall rate constants k, = (KQ)02/(tD)oz were 
calculated and are reported in Rows 5 and 6 of Table 1. 
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38 ORGANIC SCINTILLA!I!ORS 

Estimation of k, 

The diffusion controlled rate constants k, were estimated as beforelo 
from the relation* 

k = 8 RT/2000qDx (4) 

where R is the gas constant, T the absolute temperature and qDx the 
viscosity of the mixture benzeneldiluent. For ideal mixtures of D and 
X the viscosity is given by the Kendall equation 

1 1 1 

T D X  Y D  T X  
(5)  log - = X D  log - + XX log - 

where qDx, qD and qX are the viscosities of the mixtures and of the pure 
components and xD and xx are the mole fractions of D and X in the 
mixture. q;g is obtained by using values of l;lx and q D  interpolated 
to 28”, from existing experimental data. It is noteworthy that the scant 
data available on viscosities of mixtures hexanelbenzene and cyclo- 
hexanelbenzene at other temperatures follows Eq. (5)  reasonably well. 
The contribution k, to the overall rate constant k, for the transfer pro- 
cess calculated from Eqs. (4) and (5)  is shown in rows 7 and 8 of Table 1 
and graphically in Fig. 1. 

Rate Constant kA 

The rate constants kA for solvent-solvent migration calculated from 
kA = k, - k, and the data in Table 1 are shown graphically in Fig. 1. 
As can be seen from Fig. 1, kA varies linearly with donor concentration 
and, as might be expected, is independent of the diluents, even when the 
latter have been chosen to produce entirely different viscosity profiles 
in mixtures with the donor. 

* This form of the Smoluchowski equation “with slip”l8 is chosen over that 
“with no slip” (8RT/3000q) because it appears to represent more closely the diffu- 
sion process in pure liquids and because the pure liquid benzene in this work is 
only diluted by a maximum factor of seven. In any case it can be shown that either 
choice does not alter the final conclusions. 
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o In hexane 
0 In cyclohexane 

(Eenzene) M 
Figure 1. Change of diffusional rate constants and solvent-solvent migration rate 

constants with benzene concentration. 

Internal Consistency of the Measurements 

One way to judge the internal consistency of the measurements on 
the benzene system is by considering the following equalities : 

(6) (KQ)Oa - ktt(tD)O. - (tD)O, -_--- 
KQ k t t D  t D  

I n  Table 2 we have listed (KQ),,, obtained in this work for aerated 
neat benzene as well as the corresponding KQ measured previously in 
degassed solutions.1° Listed in the same table are the corresponding 
lifetimes obtained by Ivanova17 as well as the ratios defined by Eq. (6). 
The agreement between the ratios of quenching coefficients and lifetimes 
for the neat benzene is seen to be excellent. 

The internal consistency of the measurements on the benzene system 
can be further revealed through the oxygen quenching coefficients defined 
as Koa = k, tD.  Oxygen quenching coefficients are usually larger than 
hydrocarbon quenching coefficients because of the larger diffusivity of 
oxygen in a given ~ o l v e n t . ~ ~ ~  2o The oxygen quenching coefficients can 
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40 ORQAMC SCINTILLATORS 

TABLE 2 Quenching Coefficients and Lifetimes for Neat Benzene 

Experimental 
Parameter Benzene Units 

746 
262 
21.8 

7.8 
0.35 
0.36 

2.4 
1260 

1. mole-l 
1. mole-' 
n. sec. 
n. sec. 

1. mole-' 
- 

_______ ~ ~ _ _ _  

acalculated from Eq. (7). 
*Calculated from Eq. (8). 

be obtained from the relation19 

where [O,] is the molar concentration of oxygen in the solvent. With 
the oxygen concentration in neat benzene estimated from the work of 
McKeown and Hibbard,,' and the quenching coefficients given in Table 2, 
Eq. (7 )  gives KO, = 1260 liters per mole. It can be shown readily that 
if solvent-solvent migration is included, the excess diffusion of oxygen 
over that of biacetyl in the neat benzene is given by 

where all the symbols have already been defined. Using the values of 
KO%, KQ,  kA and k, for neat benzene from Tables 1 and 2, it is found that 
01 N 2.4 which is in good agreement with the excess diffusion of oxygen 
over biacetyl (a = 2.3) in cyclohexane.lS 

3. Discussion 

Figure 1 c o f i m s  the contribut,ion of kA to the overall transfer process 
in benzene, shows that the magnitude of this contribution increases 
linearly with benzene concentration and is independent of the diluents 
hexane and cyclohexane. The independence of kA on diluent is the more 
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THEORY AND MECHANISMS 1. ENERGY TRANSFER 41 

remarkable if one observes that the kd’s for the diluents chosen are enti- 
rely opposite functions of the benzene concentration. 

Since there has been no general agreement about the contribution 
of solvent solvent migration in neat liquids it is of interest to dwell briefly 
on previous reports. 

The present work on the variation of k, with benzene concentration 
is in complete agreement with Weinreb’s observationsll? l2 of the inten- 
sitivity of transfer efficiencies to donor concentration. The transfer 
efficiency in air saturated solutions, defined as the fraction of energy 
transferred, is given by 

Substitution of the transfer coefficients given in Table 1, for fixed 
acceptor concentrations, yields the curves in Fig. 2. These curves are 
similar to those reported by Weinreb and co-workersll, l2 for aerated 
systems except that these authors assumed them to be concave between 
their two data points a t  about 1 M and 10M; their other data points 
are below 1 M. Dilution with solvents other than cyclohexane may be 
expected to  yield even more insensitive functions of donor concentration. 

(Benzene) M 

Figure 2. Variation of energy tranefer efficiency with donor concentration; diluent 
is cyclohexane. 
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42 ORGANIC SCINTILLATORS 

It is evident from Eq. (9) and Fig. 2 that the transfer efficiency is not 
a suitable parameter for indications of solvent-solvent energy migration, 
a fact which has been recognized previou~ly.1~ 

MelhuishlB argues that solvent-solvent energy migration cannot be 
important since kt for the system 9-methyl anthracenelperylene (in 
which this procew is not possible) is larger than the k is  found by him 
for systems neat toluene/hydrocarbons. However, on the basis of B 

Fiirster calculation, it can be shown that the critical transfer distance 
for 9-methyl anthracenelperylene is 39 8, and therefore the large trans- 
fer rate constant found for that system, (kt = 9 x 1010 1. mole-' sew') 
is fully expected. Further, this rate constant should not be compared 
with that for the short-range systems toluenelanthracene (Ro = 9 8) and 
toluenelperylene (Ro = 6 A). The energy transfer rate constants found 
by Melhuish for these two systems, (5.2 x 101O and 4.1 x 1O1O 1. mole-' 
sec-I respectively) are very close to that found previously for toluene/ 
biacetyl, where solvent-solvent migration is indicated.lO 

Kallmann and Furst2 suggested that solvent-solvent migration may 
be an order of magnitude larger than diffusion. The present work indi- 
cates that the migration process in benzene is as important as diffusion 
and previous observations in toluene and in p-XylenelO indicate that 
it is twice as important as diffusion in the latter systems. 

Finally the queetion arises about the nature of the mechanism res- 
ponsible for this phenomenon. On the basis of an octopole-octopole 
interaction between solvent molecules, Voltz and co-worl~~rs3~ 22 were 
able to show that for benzene and toluene, so1vent:solvent migration 
could be, as found here, of the order of material migration, leading to 
transfer rates k, [D]  N 1011 sec-l. We note, however, that according to 
a calculation made by Forster,23 such large transfer rates would require 
an interaction energy of N 20 cm-1, an order of magnitude larger than 
that assumed by Volt2 for octopole-octopole interaction. An alternative 
suggestion by BirksZ4 equates the lifetime of excimers tD* in the neat 
liquid with the time of solvent-solvent migration, tnIig = (kAID])-l. 
Since the excimer lifetimes in benzene and its methyl derivatives are 
governed by the very fast rate of monomer reforrnati~n,~~ tDt N (k5)-l. 
A comparison of tmig-l and zDI-l in Table 3 reveals that energy migration 
may be an order of magnitude faster than monomer reformation. Thus 
the nature of the mechanism of solvent-solvent migration remains 
unresolved. 
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THEORY AND MECHANISMS 1. ENERGY T U N S F E R  43 

TABLE 3 Comparison of Solvent-Solvent Energy Migration Rates, in Neat Donors, 
with Rates of Monomer Reformation Obtained by Birks 

Experimental 
Parameter Benzene Toluene p-Xylene Units 

It is concluded that in addition to  material diffusion, eome other 
process (solvent-solvent migration) contributes a t  least equally to  the 
diffusion of electronic excitation energy in neat benzene liquid. The 
magnitude of this additional component, decreases as the benzene is 
diluted with a transparent solvent and appears independent of the sol- 
vent chosen. In  neat benzene, toluene and p-Xylene, the rates of solvent 
solvent migration are an order of magnitude la,rger than those for mono- 
mer reformation. The mechanism responsible for solvent-solvent migra- 
tion is not as yet well defined but, if an octopole-octopole interaction 
plays a role, the interaction energy involved may be substantially larger 
than had been supposed. 
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