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The rate parameter K3 of solvent-solute energy transfer and the rate
parameter Kyp for solvent-quencher energy transfer are determined experi-
mentally under ultraviolet excitation for a system Ethyl 1 butyl-2-methyl-5
ethoxycarboxy methoxy indole-3-carboxylate (EBMEC) in a deoxygenated
system comprising 1:9 mixture of toluene—cyclohexane as a function of tem-
perature in the range of 20-70°C, using bromobenzene as a solvent quencher.
The data is analysed in terms of compact equation formed by combining
Voltz et al. and Birks and Conte models. The interaction distance for the
energy transfer from the excited solvent to solute molecules and solvent to
quencher molecules are determined using this equation. The magnitude of the
interaction distance indicates that the excitation energy transfer takes place
due to long-range interaction in the case of solvent-solute energy transfer
and short-range interaction in the case of solvent quencher energy transfer
in dilute systems.

PACS numbers: 34.30.+h

1. Introduction

It is well-known that in organic liquid scintillators the transfer of excita-
tion energy from solvent to solute molecules is due to (a) Brownian diffusion, (b)
energy migration and (c) resonance interaction due to Forster process. Various
energy transfer models [1-4] have been suggested to understand the role played
by these above-mentioned processes. Voltz et al. [1] have proposed that all the
three processes (a,b,c) play an important role, whereas Birks and Conte [2] have
proposed that only the diffusion and the migration processes play an important
role in the energy transfer from solvent to solute molecules. Other models are also
proposed recently [5-7]. The purpose of the present investigation is to determine
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the contribution due to long-range interaction in the energy transfer process using
a scintillator system consisting of toluene + cyclohexane (TC) in the ratio of 1:9
with bromobenzene as a quencher and EBMEC as a scintillator (EBMEC belongs
to indole series which are known for their fluorescence efficiency). The results of
various parameters determined in this study are reported for the solute in a de-
oxygenated TC solution under ultraviolet excitation in the 20-70°C temperature
range. The experimental data has been analysed in terms of a compact equation
formed by combining Voltz et al. and Birks and Conte models.

Cyclohexane was chosen to dilute toluene because it is a neutral diluent
and does not take part in the energy transfer process. But on the other hand the
excited solvent molecules will be surrounded by a large number of neutral diluent
molecules due to which the energy migration between the solvent molecules will be
hindered. Since the viscosity of the medium does not change much by dilution the
diffusion process remains unaffected. Therefore there is a possibility of long-range
interaction to playwa part to compensate the hindrance caused to the migration
process.

2. Theory

When ultraviolet radiation of proper wavelength is used to excite the sol-
vent, the solvent molecules get excited to a particular level and transfer part of
their excitation energy to the solute molecules which fluoresce. Depending on the
nature of the solvent, solute and quencher, the quencher molecule may quench
either the excited solvent molecule or the excited solute molecule or both. The
" phenomenon of energy transfer and quenching in liquid systems can be explained
by the following well-known kinetic scheme, in which X and Y represent solvent
and solute molecules respectively and an asterisk represents the excited state of
the molecule, and K’s the corresponding rate parameters.

No Reaction Rate Process
- parameter
1 X+4hvy ...X* Ky Absorption
2a X* ... X+hv K; Radiative emission
2L X* ..X ~ Internal quenching
3 XX ...2X X Concentration quenching
4  X*+Y ... X4Y* K3Y  Nonradiative energy transfer
5  Y¥*+Y ...2Y - K4Y Concentration quenching
6 Y* Y Ks Internal quenching
7 Y* Y+hy - K Fluorescence emission

When an external quencher which quenches only the excited solvent molecules
is used the following quenching reaction may occur:

8 X*+2Zy ...X+Zb. K72,  External quenching

Here Z, represents the molecular species of the quencher as well as its concen-
tration. The fluorescence intensity I in the presence of an external quencher of
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concentration Z, is given by
I= I{()I{;;Y I(s ’
(.Ifl + Ko X + K3Y + If’rbe) (I{4Y + K5 + .Ks) ) (1)
If Iy is the fluorescence intensity in the absence of the external quencher,
then the ratio Iy/I is given by the Stern-Volmer equation,

Io/I = (147v2), | , ()

where
1= (K1 }I-\,KQX) + II{,;;Y. 3)
7b L7b
Thus if one measures I as a function of Zy,, one can determine from Eq. (2) the
quenching constant v at a fixed solute concentration Y. Further, from Eq. (3) a
plot of y~1 versus Y is a straight line with the intercept

i= (K14 K:X)/Knp, ' . 4)
and the slope
s = Ks/Kn. ()

Using the literature value of (K1 4+ K2X)~! which is the decay time mx of the
solvent in the absence of the solute one can determine K3 and K7, from Egs. (4)
and (5) respectively at each temperature.

3. Results and discussion

The fluorescence intensity I at different quencher concentrations Z, (where Z
is the quencher concentration and b — the suffix which represents bromobenzene)
at a fixed solute concentration Y is measured. The error in the measurement of I
is within 5%. The experimental technique and the method of analysis of the data
is as described in our earlier paper [8]. The quenching constant « is determined at
each temperature using the Stern—Volmer plots. The plots of y~! versus Y at each
temperature are shown in Fig. 1. From Fig. 1, we see that =1 varies linearly with
Y. As discussed earlier [8] we get the values for the quantities (K3 + K2X)/K7
and K3/K7, from the intercepts and slopes respectively from-Egs. (4) and (5).
In order to determine K3 and Ky, we have used the independent value of 7x
determined by Weinreb [9]. These values are given in the Table.

Voltz et al. [1] proposed an expression for energy transfer process from solvent:
to solute molecules considering that all the three processes, viz. diffusion, migration
and dipole—dipole interaction are playing a part. They gave the expression for the
rate parameter K3 as: .

K3 = 2rN'(Dxy + 4)Ry, (6)
where N is the Avogadro number per millimole, Dxy is the sum of the diffusion
coefficients Dx and Dy of the solvent and solute molecules respectively, A is the
energy migration coefficient of the solvent and Ry is the Forster critical energy
transfer distance.

Birks and Conte [2] proposed an expression for energy transfer process from
solvent to solute molecules considering that only diffusion and migration processes
are playing a part. They gave the expression for the rate parameter K3 as:

K3 =47 N'(Dxy + A)PxyRxy )
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TABLE
Value of diffusion coefficient of solvent (Dx), of solute (Dy),
of quencher (Dq), the energy transfer rate parameter Kj, the
quenching rate parameter K7y, solvent fluorescence life time mx
at different temperatures and the molecular radius Rx of solvent,
Ry of solute, Rq of quencher, the Forster critical energy transfer
distance Ry, energy migration coefficient A for Ks and K7, and
effective energy transfer distance Pyy Rs between solvent and so-
lute, PxqRes between solvent and quencher.

t(°C) Dx Dy DQ K3 Ko 15
10-3 10-% 10-5 1010 1010 10-°
em2~! ecm?s~! cm2s! M~ism! M-1st? s
20 0.86 0.58 0.85 3.75 0.50 28
30 1.08 0.72 1.03 4.12 0.54 26
40 1.31 0.87 1.26 447 0.58 23
50 1.55 1.04 1.49 492 0.63 20
60 1.84 1.23 1.77 5.43 0.69 17
70 2.15 14 2.07 5.97 0.75 14

Rx =288 A, Ry =432 A, Rqg =294 A, Ry = 21.2 A, Ks
2.17 x 105 ecm? s~!, K7, = 2.73 x 10=5 ¢cm? s~!, PxyResr
13.6 A, PxqRes = 1.59 A.

and when an external quencher is added to the scintillator system, they proposed
that quenching process is also due to diffusion and migration processes only. And
the quenching rate parameter K7y is given by

K = 47rN'(DxQ + A)PXQRXQ, (8)
where Dxq is the sum of the diffusion coefficients Dx and Dq of the solvent and
quencher molecules respectively, Pxy and Pxq are the interaction probabilities
per encounter between solvent—solute and solvent~quencher molecules respectively.
According to Birks and Conte model the value of Pxy is always taken to be unity
and that of Pxq is taken to be less than unity. The quantity Rxy is the interaction
distance between the solvent and solute molecules and Rxq is that between solvent
and quencher molecules.

We have formed [10] a compact equation by combining Egs. (6), (7) and (8)
as:

K3 or K7, = 47 N'(D + A)PRes, 9)
in which D = Dxy, P = Pxy and Reg = Rxy or Ro/2 for K3 and D = Dxq,
P = Pxq and Reg = Rxq for K7p, which is applicable to both energy transfer
and quenching processes.

Now we consider the various parameters occurring in Eq. (9) viz. Dx, Dy
and Dq the difTusion coefficients of the solvent, solute and quencher molecules



On the Mechanism of Excilation Energy Transfer . .. 365

o
40¢C

0 1 2 3 Y

Fig. 1. Variation of ™1 (in 107 mole/dm?®) with solute concentration Y (in g/dm®)
in the 20-70°C temperature range.

respectively, Rx, Ry and Rq the radii of the solvent, solute and quencher molecules
respectively and Ry the Forster critical energy transfer distance.
The sell-diffusion coefficients Dx, Dy and Dgq are calculated usmg the
Stokes—]]msteln relation [11]:
= kT/amnR, ' (10)
where k is the Boltzmann constant, 7" is the absolute temperature, 7 is the viscosity
of the solvent, R is the radius of the diffusing molecule and a is a constant referred
to as the Stokes—Einstein number. We have used the experimentally measured
values [12] of viscosities of the solvent in the 20-70°C temperature range using
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standard Ostwald viscometer. Since the concentrations of the solute and quencher
are very low, the viscosity of the solute and quencher are taken to be the same
as that of the medium. The radii of the solvent, solute and quencher molecules
are calculated by adding the atomic volumes of all the atoms constituting the
molecules as suggested by Edward [13], and these values are given in the Table.
The Stokes-Einstein number, ax = ay = aq = 6 is chosen since the values of
diffusion coefficients determined experimentally agree with the calculated values
for ax = ay = aq = 6 at different temperatures. The diffusion coefficients thus
determined using Eq. (10) at each temperature are given in the Table.

The Forster critical energy transfer distance Ry was calculated using the
equation [14]

RS = 9000 In(10)¢2¢, / fx(V)Ey(V) (11)

12875n4N/

where 1) represents the orientation dependence of dipole~dipole interaction and in
the dynamic averaging limit its value is (2/3)7, ¢, is the quantum yield of the
donor, n is the refractive index of the solvent medium, N’ the Avogadro number,
f=(?) is the spectral distribution of the donor emission measured in quantum and
normalized to unity on a wave number (7) scale, &,(7) is the spectral distribution of
the molar extinction coefficient of the acceptor. Further we have used the emission
spectrum of toluene in cyclohexane given by Berlman [15], the absorption spectrum
of the solute obtained using UV spectrophotometer (Hitachi), and the values of
quantum yield ¢, given by Birks and the value of Ry is given in the Table.

In Figure 2 we give the plot of K3 versus Dyy according to Eq. (9) and deduce
the values of A and Pxy Reg by least square fit method and these values are given in
the Table. From Fig. 2 we notice that the variation of K3 with Dxy is linear which
shows that A and PxyReg are independent of temperature as expected according
to the compact equation. From the Table we observe that the value of Reg = 13.6
A deduced by assuming Pxy to be unity is very much larger than Rxy = 7.20 A.
But on the other hand the value of Ro/2 = 10.6 A is close to Reg. This shows that
the energy transfer distance between the excited solvent and the solute molecules
is much larger than the sum of their molecular radii. It is interesting to note that
for neat toluene system [16] PxyReq is 7.74 A which is very close to Rxy taking
Pxy to be unity. This shows that in the pure toluene system the energy transfer
is due to close collisions only. Whereas when the diluent such as cyclohexane is
added, the energy transfer distance becomes much larger than R,y indicating that
the energy transfer takes place even when the distance between the excited solvent
molecule and the solute molecule is very large compared to their molecular radii.
This may be understood in the following way.

When an excited solvent molecule is surrounded by a large number of neu-
tral diluent molecules the probability of solvent-solvent energy transfer decreases.
Since the viscosity of the medium does not change much by adding the neutral
diluent, the diffusion process will not be aflected much. Hence solvent—solute en-
ergy transfer can compete with migration process even when the solvent-solute
distance is large. Therefore, in dilute systems along with the diffusion and migra-
tion processes, the Forster process also plays an important role. Hence we may
conclude that Forster formulation as adopted by Voltz et al. seems to account for
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the solvent-solute energy transfer in the final step and hence the energy transfer
is non-collisional and involves long-range interaction.

K3

6

xy

Fig. 2. Variation of K3 (in 10'° mole™*s™!) with Dxy the sum of the self-diffusion
coefficients of the solvent and the solute (in 107° cm?s™%).
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Fig. 3. Variation of K7 (in 10'® mole™'s™!) with Dxq the sum of the self-diffusion
coefficients of the solvent and the quencher (in 107° cm?s™1).

Further in Fig. 3 we give the plot of K71, versus Dxq according to Eq. (9)
and deduce the value of A and PxqReq by the least square fit method and the:
values are given in the Table. From Fig. 3 we notice that the variation of Kz, with
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Dxq is linear which shows that A and PxqR.sr are independent of temperature as
in the case of K3.

We may now consider the experimental values of Pxq and Reg. We see from
the Table that the value of PxqReqr deduced by using Eq. (9) is equal to 1.59 A
and is smaller than the value of Rxq = 5.82 A. If we choose Pxq to be about
0.27 (since Pxq the probability of quenching per encounter is always less than
unity according to [2]) the value of R.q agrees with that of Rxq. Such a small
value of Pxq is also observed by others [2, 19]. These results evidently show that
the quenching process is due to diffusion and migration processes only, with the
probability of quenching per encounter Pxq being less than unity.

4. Conclusion

From our experimental results we may conclude that in dilute systems long-
-range interaction due to Forster process also begins to play a part in the overall
solvent-solute energy transfer process whereas quenching process is due to diffusion
and migration processes only.
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