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Summary 

The lifetime rL\ of 02(‘Ap) has been measured directly in binary mix- 
tures of methylene chloride with various alkanes and alcohols as cosolvents. 
The dependence of rA on solvent composition is not satisfactorily repro- 
duced by the solvent cage dispIacement model but is better described by 
equations developed from a modification of this model in which the solvent 
cage of the small oxygen molecule is treated as a collection of atomic groups 
(e.g. CH3, CH2, OH) rather than complete molecules. This provides some 
kinetic insight into the group additivity parameter for 02( ‘AJ quenching by 
pure solvents. 

1. Introduction 

Time-resolved measurements of the 02(lAg) emission intensity at 
1.27 pm, following 6 function excitation of a suitable sensitizer, have 
provided direct access to 02( IAs) relaxation times rA in solution f 1 - 5] 
which range from about 4 JJS (H20) [ 41 to about 20 ms in Freon-113 [ 53. 
One of us has recently proposed [ 61 a group additivity relationship, based on 
the number and contribution of different atomic groupings (e.g. CHs, CHz, 
CDs, OH) in the solvent molecule, to account for the solvent dependence of 
7~. This originates with the Stem-Volmer relationship 

1 
- = k. + k,[S] 
TA 

(1) 
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between TA, the (negligible) radiative decay constant k,,, the concentration 
[S] of pure solvent in moles per liter and a second-order quenching rate con- 
stant kA expressed as 

kA = ClVj Aj (2) 
j 

Here Nj is the number of atomic group j in the solvent molecule, with 
quenching additivity number Aj. AcH,, ACH, and AoH are obtained from the 
slopes and intercepts of linear plots of k, against the number of carbon 
atoms in normal alkane and alcohol solvents; other Aj are deduced by differ- 
ence from these values and rA for other solvents containing these groups and 
the group j. Thus for l,4-dioxane with Aon, = 813 M-’ s-’ and Ncnl = 4, 
kA = 3250 M-’ SK’ or, since [S] = 11.7 M, the estimated value of rA is 26.3 
ps, close to the experimental value of rA = 26.7 ps and implying that 
Acoc = 0. 

Hurst and Schuster [ 71 have independently adopted a similar approach 
based on the additive contribution of solvent bonds (e.g. C-H, C-D, 0-H) 
to 02(rAg) quenching which is less satisfactory for secondary and tertiary 
alkanes and alcohols since the additive parameter for CHs is less than three 
times that for the CH group. In either case the kinetic significance of group 
additivity parameters is not immediately apparent except as a component of 
the rate constant kA, which in bimolecular rate theory reflects an encounter 
quenching probability and a rate constant describing the diffusive encounter 
of luminescent and quenching species. 

Since the diffusive approach of these species along reaction-mediated 
(or quenching-mediated) concentration gradients is an unrealistic quenching 
prerequisite in pure quenching solvents, a cage displacement model has been 
developed [ 51 to describe weak quenching of excited species in binary mix- 
tures of quenching solvents A and B over the whole composition range. Here 
it is assumed that the excited molecule is produced in a cage of C solvent 
molecules i of mole fraction Xi and encounter quenching probability &, such 
that its cage survival probability P, is given by 

Ps = 1 - cx*cJL* - cx,ct!a (3) 

If its average. residence time in the solvent cage is u-i, the probability that 
the potentially luminescent species remains excited after time t is 

PE(t) = P, ut exp(-k,t) t 
=exp -- ( 1 r 

where r is its observed relaxation time. Equations (3) and (4) rearrange, with 
oi< 1, t0 

1 
- = ko’ vC(XAa, + X,a,) 
7 
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and the generally non-linear dependence of l/r on XB has been attributed 
[ 51 to a solvent composition dependence of displacement frequency u de- 
scribed by 

1 X, XB _=-+- (6) Y vA VB 

with C constant. Since eqn. (5) reduces to 
1 

- = k. + u,Ca, 
Ti 

(7) 

for pure solvent i, and the corresponding displacement frequency vi may be 
expressed [ 5, 8] in terms of viscosity vi and molar volume Vi by UiqiVi = 
RT, eqns. (5) and (6) rearrange to 

1 1 
-_=-+ VBVBXB 

7 TA 

('2.) 
%VBXB+~~AVAXA TB 

(8) 

which satisfactorily describes the dependence of O,( ‘AJ relaxation time rA 
on composition of the C&-- Freon-113 solvent system [ 51. 

To describe the weak quenching of aromatic hydrocarbon fluorescence 
by bromobenzene (or o-dichlorobenzene) (B) in non-quenching cosolvents 
(A), eqn. (8) has been modified [ 91 to accommodate preferential fluor solva- 
tion by A (or 9); in this case the mole fractions YA and YB of each compo- 
nent in the solvent cage are related to mole fractions XA and Xs in the bulk 
solvent by [ lo] 

YA yB -= -exp(?A) 
XA XB 

and eqn. (8) is rearranged to the form 
I/TB-~/T = VAVAXA 

l/T - 1-/TA ~BVBXB 
w?hA) (9) 

which permits evaluation of the index VA of preferential solute solvation by 
solvent A in the presence of B. 

In this contribution an investigation is reported of the dependence of 
rA on composition of several mixed solvent systems, conducted with a view 
to (a) assessing the various factors contributing to the non-linear dependence 
of r&-i on solvent composition X and (b) examining the kinetic significance 
of the group quenching additivity parameter Aj of eqn. (2). 

2. Experimental details 

The instrumental procedure for obtaining lifetimes of O,(‘A,) by 
monitoring its luminescence decay at 1.27 pm has been described previously 
[6]. Mixed solvent systems were prepared by combining measured volumes 
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of solvent B, solvent A (CH2C12 or C&) and of solutions of the sensitizer in 
solvent A, to ensure constant sensitizer concentration. The mixed solutions 
were thoroughly shaken before use. Tetraphenylporphine (Aldrich) was used 
as the sensitizer throughout at a concentration of 35 PM to provide an 
optical density of 0.3 at the excitation wavelength (532 nm) with less than 
3% sensitizer quenching of 02(lA9) in CH&&. Organic solvents of spectro- 
scopic or reagent grade were used as supplied. All solutions were air 
saturated at the experimental temperature of 22 “C. 

3. Results and discussion 

The observed dependence of rA on solvent composition X is displayed 
in Figs. 1 - 4. Neither eqn. (5) with VC constant nor eqn. (8) affords a satis- 
factory description of these data as illustrated in Fig. 4 for the CH&l,- 
CllQ4 system. The application of eqn. (9) provides values of the adjustable 
parameter 7A ranging from -0.6 for CH$&(A)-n-C5H12 to 2.3 for 
CH2C12(A)-n-C16H34, which would imply a considerable variation in oxygen 

Fig. 1. Variation in 11~~ with mole fraction of (a) n-C5H12, (b) n-C7H16, (c) n-C9H2~ and 
(d) n-C16H~4 in CH$12 as cosolvent: -, drawn in accordance with eqn. (12). 



(c) 

(b) 

(d) 
Fig. 2. Variation in l/r& with mole fraction of (a) CHsOH, (b) CzHsOH, (c) 2-C&OH 
and (d) 2-C&IgOH in CH&l~ as cosolvent: -, drawn in accordance with eqn. (12). 

solubility in these hydrocarbon solvents. Moreover a description of the 
solvent cage around the small oxygen molecule in terms of relative numbers 
of much larger solvent molecules is not realistic. In the light of the applica- 
bility of the group additive effect on ka to these solvents, the cage displace- 
ment model is modified to accommodate the smaller oxygen solute as 
follows. 

(1) The “solvent cage” around O,( lAJ is assumed to be made up of 
atomic groups j (e.g. CH3, CH2, OH) of which numbers NJ* and NjB are 
present in solvent molecules A and B respectively. 

(2) The group distribution throughout the solvent is assumed to be 
random such that the average number Cj of group j in the cage is determined 
by its mole fraction Xj, i.e. 

ci = CXj = C(Nj*XA + NjBXB) 
I 

C(NjAXA + NjBX,) 

(3) The average displacedent frequency v of O,(lA,) from one “cage” 
to the next is assumed to be independent of solvent (cage) composition. 

If aj is the encounter quenching efficiency of group j, eqn. (5) becomes 
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Fig. 3. Variation in l/r* with mole fraction of hexane (e), CH&lz (*) and methanol (0) 
with CSZ as cosolvent. * -, drawn in accordance with eqn. (1.2). 

Fig. 4. Variation in l/r* with mole fraction of n-CIIH24 in CHzClz as cosolvent: 0, exper- 
imental points; curves A, B, C, drawn according to eqns. {8), (12) and (5) respectively. 

1 - = k, + VCCjO!j 
TA 1 

= k, + vCCcUj(NjAXA + NjBXB) C(NiAXA + NjBXB) 
I / i 

This reduces to 

1 
- = k, + VCCajN; CNj’ 
ri j / i 

(10) 

for pure solvent i, and the elimination of VCI=joLjNj’ from eqns. (10) and (11) 
provides 

1 1 -_= - 
TA TA 

+ x~~xB+(~N~/~~E)xA~-l(~ - 5) (12) 

used to draw the curves in Figs. 1 - 3 and Fig. 4, curve B, with EjN/ equal to 
the number of atoms other than hydrogen in a molecule of solvent i. As 
shown in Fig. 4, eqn. (12) is clearly superior to eqns. (5) and (8) for the sys- 
tems examined but is not very satisfactory for the secondary alcohols; this is 
probably a consequence of the least justifiable assumption of a random 
distribution of atomic groupings which are primarily correlated by the struc- 
ture of solvent molecules from which they originate. 
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4. Conclusions 

For the limited number of systems examined here, it is apparent that 
the group solvation model provides an improved description of TV-’ for 
the small G,(‘A,& molecule. As distinct from the treatment of large aromatic 
solutes [9] it is unnecessary to invoke preferential group solvation of 
O,(lA,), and the implicit absence of solvent complexation with’ 02( ‘A,& is 
consistent with the assumption that its displacement frequency v is indepen- 
dent of solvent cage composition. It is noted, however, that eqn. (8) provides 
a better description of the Freon-113-C& system [5] with qAVA/vBVB = 
3.8, than does eqn. (12) with 

CNA CNia = 2.7 
j / j 

A comparison of eqns. (1) and (2) with eqn. (8) provides the identity 

WjAj = & = c 
i A 

= VC!V~~jNj CNj 
j / j 

or 

Aj = VCVcVj 
/ 

CNj = VCfijoj 
i 

for a pure solvent where 

Cj=V CJ??j 
/ j 

is an average “molar volume” of the atomic groups. To the extent that cj is 
constant for first row atoms, the quantity Zj NjA/;Sj NjB in eqn. i12) may be 
replaced by V, fV, which accounts for the linear dependence of l/rA on 
volume fraction of solvent B exhibited by the acetone-benzene system 161. 
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