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the smaller C-6 secondary allylic axial group at C-5 exerts a 
weaker positive effect. 

Similar chirality contributions also account for the Cot
ton effects of other cyclohexadienes. For example, ORD 
and CD data for over 30 steroidal 5,7-dienes,1,15 including a 
19-nor-5,7-diene with an otherwise anomalous positive 
280-nm Cotton effect,15 show a direct dependence on chi
rality contributions of the substituents at C-9 and C-IO ac
cording to the amount of their axial character16 and steric 
bulk (or polarizability).17 

In the case of the conformationally rigid diene 1 and the 
other exceptions already cited,6'7'15 the reversed sign of the 
long-wavelength Cotton effect suggests an inverse (or "dis-
signate" 18) chirality contribution by allylic axial hydrogen. 
However, such a chirality effect does not appear to be very 
strong and, under some circumstances, can evidently be out
weighed by normal (or "consignate" 18) ring-chirality con
tributions corresponding to the helicity of the diene. This is 
indicated by the CD data of the following, conformationally 
flexible dienes, in which at least one of the two homoannu-
lar allylic axial hydrogens is secondary: estra-2,4-dien-17/3-
ol (A«26o + 2.12a), palustric acid (abieta-8,13-dien-18-oic 
acid) (A«260 + l.l5b-19), 3/?-acetoxy-17a-ethyl-172-cyano-
172,21 -cyclo-D-homo-5a-pregna-17a,21 -diene (Ae304 
+6.27), and a-phellandrene [(—)-/?-mentha-l,5-diene] 
(A«260-265+5.5at-186°C20). 

Obviously, further investigation of this problem is re
quired. Nevertheless, the present findings clearly demon
strate that allylic chirality contributions play a key role in 
the Cotton effects of skewed 1,3-cyclohexadienes. 
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Diffusion in Mixed Solvents. 3. The Heat of Mixing 
Parameter and the Soret Coefficient1 

Sir: 

Diffusion processes2-12 and intermolecular interactions13-16 

in binary solvents are of strong fundamental interest to sci
entists in several disciplines. Reactions are performed in mixed 
solvents to facilitate solvation. Biological reactions and fluid 
flow processes always take place in complex solvents which are 
at least binary.10-14 Diffusion processes and intermolecular 
interactions in the mixed solvent system are responsible for 
reported anomalous peaks and valleys in the entropies and 
enthalpies of activation for numerous reactions7'10 and fluo
rescence phenomena.10,11 Anomalies in several sets of solvated 
electron reaction rate constants,3 ground6'8 and triplet2 states 
electron transfer reaction rate constants, and diffusion coef
ficient data9 for entire solvent mixture ranges are due to the 
intermolecular interactions in the binary solvent.2'15'16 The 
heat of mixing parameter (HMP) plots reported earlier,2-15,16 

which strongly implicate thermal diffusion17 as being impor
tant to the explanation of these processes, successfully corre
lates the above mentioned anomalies. Further, the HMP theory 
as conceptually outlined15 appears to be supported by recent 
magnetic relaxation results for protein-water interactions.14 

Presented here is new evidence which demonstrates that for 
aqueous glycerol solutions, the Soret coefficient of glycerol,17 

(Ti = D\T/D\ (where D\T and D\ are the thermal and self-
diffusion coefficients of glycerol, respectively, in aqueous so
lution), is an integral part of the HMP, defined as 
(-aAHM/dn2)/X2 for this system, where X2 is the mole frac
tion of water.2'15-16 Figure IA shows that the HMP plot for the 
self-diffusion coefficients of glycerol18 is linear for 0 < X\ < 
0.44; further, it nearly superimposes on similar plots for the 
data for two different reactions6,8,19 in aqueous glycerol sol
vent. Figure IB demonstrates that both the HMP and the 
diffusion parameter, DP, {krit/(ki)t)2 where k represents the 
diffusion coefficient or second-order reaction rate constant, 
plotted against a In ai/e In c\ exhibit curves which appear 
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Table I. Calculation of Glycerol Soret Coefficients" in Aqueous Glycerol Solutions from Equation 2 
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X\ 
103O-I, 

deg-1 

0.021 
17.2 

0.047 
7.7 

0.072 
4.9 

0.115 
3.0 

0.164 
2.2 

0.227 
1.7 

0.312 
1.5 

0.439 
(1.6) 

(-10.8) 

0.500 
-15.6 

0.638 
-19.1 

" Values for the glycerol self-diffusion coefficient, (aAHM/dn2), and (d In ax/d In Ci) are at 25 0C (i.e., slopes in Figure IC). Values for 
the partial molar volumes are at 20 0C since values at 25 0C were not available. Consequently, errors derived from this use of approximate 
values appear in ox values. The data point at Xx = 0.439 appears to lie on both slopes so the sign and magnitude are uncertain. Due to the un
availability of precision partial molar volume data, resolution of this minor point is unwarranted. 
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Figure 1. Correlations for diffusion processes in glycerol water solvents: self-diffusion coefficients of glycerol (circles), ref 18, data taken from enlarged 
graph; neutralization of bromocresol green, H + + BG 2 - - • (HBG) - (triangles), ref 8 for second-order rate constants, 25 0C; electron transfer reaction 
CH3(C6H5)CO-- + (C6Hs)2CO — CH3(C6H5)CO + (C6Hs)2CO-- (squares), ref 6 and 19 for second-order rate constants, 21 0C. (A) Heat of mixing 
parameter plot: HMP in calories per mole calculated from ref 25; dielectric constant, t, calculated from ref 26, p 318; viscosity, rj, calculated from ref 
26, p 279. Representations: n, number of moles; X, mole fraction. (B) Heat of mixing parameter, calories per mole, vs. activity factor and diffusion 
parameter vs. activity factor plots. Activity factor, din ai/dln<?i,data, ref 18. (C) Partial heat of mixing of water, calories per mole, with glycerol vs. 
activity factor. 

linear for 0 <X\ <0 .23 . Figure 1C shows a definite disconti
nuity in the plot of -dAHM/dri2 vs. a In a\/a In c\ for the self-
diffusion coefficient of glycerol. The importance of the Soret 
coefficient to these plots is demonstrated by the following. If 
Xx = 0 is the reference composition, a In Ct2JaT = (—aAHM/ 
6H2)ZRT2;20 division by a In X2 and substitution of d A V d r = 
XiX2Ir2,

21 yields 

a In gx _ (-aAHM/an2) 1 X2^ 

a In Xi X2 RT2 Xx o\ (D 

since a In a2/a In X2 = — a In ai/a In Xi by Gibbs-Duhem 
equation, and oi = —<J2. Conversion to concentration units 
from mole fraction units and equation reorganizations yield: 

-aAHM a In a. 

an2 a In ci 
RT2Xiai ( ^ ) (2) 

UiUi + X2V2/
 y ' 

and 
-(3AHM/an2) = 6\naiRr X1^ / V2 \ 

X2 a In ci X2
 ai VYiiJ, + X2V2) 

Application of eq 2 also represents another method by which 
Soret coefficients can be computed from thermodynamic data 
for type III solvent15 systems. The usefulness of eq 2 for cal
culation of (Ti from the slopes of Figure 1C is indicated by the 
values in Table I. Figure IC yields a positive slope for 0 < Xi 
< 0.44 and a negative slope for 0.44 < Xi < 0.64, resulting in 
positive and negative values, respectively, for <r\. The variation 
in ai with Xi is consistent with those for several binary solvent 
systems both aqueous and nonaqueous.22 Measured values for 
(Ti for aqueous sugars are similar to those reported here for 
aqueous glycerol; the variation with concentration is also evi
dent.23 The linear relationship of a In a i /a In Ci with the DP 
(Figure IB) for 0 < Xx < 0.23 further suggests that diffusion 
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processes in binary solvents are directly related to thermal 
diffusion processes.24 Equation 3 may be sometimes more 
useful as it expresses the HMP for a system (a type III sol
vent)15 directly in terms of the Soret coefficient and the activity 
factor, a In a i /a In ci, a function which indicates mixed solvent 
nonideality as does the heat of mixing, AHM. 

References and Notes 

(1) Presented In part at The First Chemical Congress of the North American 
Continent; Abstract, Physical and Surface Chemistry No. 59, Nov 30-Dec 
5, 1975, Mexico City. This paper represents the results of one phase of 
research carried out at the Jet Propulsion Laboratory, California Institute 
of Technology, under Contract No. NAS 7-100, sponsored by NASA. 

(2) P. A. Carapellucci, J. Am. Chem. Soc.., 97, 1278 (1975). 
(3) J. E. Leffler and E. Grunwald, "Rates and Equilibria of Organic Reactions", 

Wiley, New York, N.Y., 1963. 
(4) F. Barat, L. Gilles, B. Hickel, and B. Lesigne, J. Phys. Chem., 77, 1711 

(1973). 
(5) F. Franks, Ed., "Structure and Transport Processes in Mixed Aqueous 

Solvents", Heineman Educational Books, London, 1967. 
(6) O. I. Micic and B. Cercek, J. Phys. Chem., 78, 285 (1974). 
(7) (a) L. Menninga and J. B. F. N. Engberts, J. Phys. Chem., 77,1271 (1973); 

(b) J. F. G. Engbersen and J. B. F. N. Engberts, J. Am. Chem. Soc., 96, 1231 
(1974). 

(8) P. Warrick, Jr., J. J. Auborn, and E. M. Eyring, J. Phys. Chem., 76, 1184 
(1972). 

(9) K. Nakanlshi and T. Ozasa, J. Phys. Chem., 74, 2956 (1970). 
(10) R. Lumry and S. Rajender, Biopolymers, 9, 1125 (1970). 
(11) C. A. G. Brooks, K. M. C. Davis, and M. J. Blandamer, J. Solution Chem., 

3, 247 (1974). 
(12) M. J. Blandamer and J. Burgess, Chem. Soc. Rev., 4, 55 (1975). 
(13) E. E. Tucker, T. R. Clem, J. I. Seeman, and E. D. Becker, J. Phys. Chem., 

79, 1005(1975). 
(14) S. H. Koenig, K. Hallenga, and M. Shporer, Proc. Natl. Acad Sci. U.S.A., 

72,2667(1975). 
(15) P. A. Carapellucci, J. Phys. Chem., 79, 2768 (1975). 
(16) P. A. Carapellucci, submitted for publication. 
(17) H. J. V. Tyrrell, "Diffusion and Heat Flow In Liquids", Butterworths, London, 

1961, p 195. 
(18) Y. Nishljima and G. Oster, Bull. Chem. Soc. Jpn., 33, 1649 (1960). 
(19) B. Cercek, private communication. 
(20) J. G. Aston and J. J. Fritz, "Thermodynamics and Statistical Thermody

namics", Wiley, New York, N.Y., 1959, p 156. 
(21) Reference 17, p 44. 
(22) Reference 17, p 256, 257. 
(23) J. Van Dranen and F. Bergsma, Physics (Utrecht), 13, 558 (1947). 
(24) J. C. R. Turner, Chem. Eng. ScI., 30, 151 (1975). Here it Is also stressed 

that a greater understanding of diffusion phenomena is to be had if the 
gradient of chemical potential, rather than concentration, is regarded as 
the "driving force" for diffusion. 

(25) "International Critical Tables" Vol. 5, McGraw-Hill, New York, N.Y., 1929, 
p 157. 

(26) C. S. Miner and N. N. Dalton, Ed., "Glycerol", Reinhold, New York, N.Y., 
1953. 

P. A. Carapellucci 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 91103 
Received November 3, 1975 

Nitroso Compounds and Azo Dioxides as Quenchers of 
Singlet Oxygen (1Ag) and Sensitizer Triplet States 

Sir: 

We recently reported that 3,3,4,4-tetramethyl-l,2-diaze-
tine-l,2-dioxide (1) was a useful triplet quencher.1 It ab
sorbs at short wavelengths, efficiently quenches triplets of 
energies >42 kcal/mol, and does not quench aromatic sin
glet states. We now describe some unexpected quenching 
properties of other azo dioxides and nitroso compounds. 

Quenching of sensitizer triplets was monitored by the effect 
of quenchers on the rate of sensitized formation of O2 (1Ag) 
in 95% ethanol. The reaction was followed by the disappear
ance of ~ 9 X 10 - 5 M 1,3-diphenylisobenzofuran (DPIF). 
Linear Stern-Volmer plots were obtained from which 
quenching rate constants were calculated.2 The sensitizer 
triplet lifetimes required for these calculations were estimated 
from the product of the oxygen concentration in air-saturated 

35 45 

E1-(S) (Kcol/mole) 

Figure 1, Rate constants for quenching sensitizer triplets by azo dioxides 
in ethanol: • , 1; • , 2; • , 4; O, apparent kq for 5 ignoring possible 
quenching of Oj (1Ag). Dashed line is calculated for a classical quencher 
(.ET(Q) = 34 kcal/mol). Sensitizers, ascending order of £T(S) , are chlo
rophyll a and b, methylene blue, rose bengal, anthracene, pyrene, chrysene, 
and naphthalene. 

ethanol (1.57 X 1O-3 M) 3 and the rate constants for oxygen 
quenching of aromatic triplet states. The latter (1-3 X 109 

M - 1 s_1) were either known or estimated from the triplet 
energies of the sensitizers.4 

Representative quenching rate constants are compared in 
Table I with the longest wavelength absorption maxima of azo 
dioxides 1-6.5 The absorption maxima of the unchlorinated 
azo dioxides 1-4 decrease in energy as the quenching ef
ficiencies increase. The accompanying structural changes 
suggest that the orbitals of the increasingly strained transan-
nular 5,6-r/ bonds in the series 1 (no bond), 2,3, and 4, may mix 
with the ir*-azo dioxide orbitals and lower the excited state 
energies. 

+ 

-N' 
,O -

+ T) 

Cl + X ) 

The introduction of a-chlorine atoms in the azo dioxides 
should contribute to Coulombic destabilization of their ground 
states relative to their less polar excited states. Thus the ab
sorption maxima of 5 and 6 are red-shifted relative to their 
unchlorinated analogues 2 or 3 and 4, respectively. Although 
the greater quenching efficiencies of 5 and 6 suggest that 
Coulombic destabilization is also relieved in their lowest triplet 
states, significantly, the parallel relationship between ab
sorption maxima and quenching rates found in the unchlori
nated compounds was not observed. 

The effect of sensitizer triplet energy on the azo dioxide 
quenching rate constants was compared with that expected in 
a classical energy transfer model (eq 1) 

*dif/ic* , ^i JU 10 , ^*i k-d?!s + Q* ( i ) 
S* + O S |S* + Ql |S + Q*| 
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