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This work provides experimental evidence, supported by 
model calculations, that the long-sought polar effect on carbon-
centered triplet biradicals is, and should be, virtually nonexistent. 
Triplet biradicals with small distances between their unpaired 
electrons commonly have lifetimes governed by the rate of 
intersystem crossing (ISC), 3r == l/£isc. and spin—orbit coupling 
(SOC)1 is the main mediator for their spin inversion process. A 
set of simple rules, which allow us to predict the influence of 
conformational and electronic properties of biradicals on SOC, 
was first developed by Salem and Rowland.2 

The design of experiments to test these rules has met with 
partial success.3-6 However, experimental evidence for the 
second rule is still scanty: it predicts that the rate of ISC in 
homosymmetric biradicals will increase in proportion to the 
zwitterionic character of the lowest singlet state wave function, 
So. 2,2-Dimethyl5 and symmetrical 1,3-diaryl6 substitution of 
1,3-cyclopentanediyl biradicals has a substantial effect on ISC 
rates, which indicates that a slight increase in ionic character 
of the wave function is sufficient to induce a large increase in 
ISC rates, as stated by the second rule. 

Intuitively, one would expect that a large increase of the 
zwitterionic character should be caused by introduction of a 
donor substituent at one of the radical centers and an acceptor 
substituent at the other.24 Several such systems have been 
studied, but the ISC rates measured were not in line with this 
expectation. On the contrary, Caldwell found that the lifetimes 
of the Norrish type II triplet biradicals 1 in heptane tended to 
increase with increasing dipolar (push—pull) substitution.4be 

Unfortunately, clearcut interpretation of these data was hampered 
by the difficulty in differentiating between conformational and 
electronic effects, which operate simultaneously in the open-
chain biradicals 1. The effects of substituents on conformational 
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distributions, on the dynamics of their interconversion, and, 
hence, on the contributions of various conformations to the 
overall rate constants of ISC are difficult to evaluate. A strong 
sensitivity of the SOC matrix elements to the geometry in open-
chain biradicals is predicted by Salem's first rule2 and is borne 
out by ab initio calculations.8 
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Biradicals with well-defined geometries are required to assess 
the purely electronic influence of unsymmetrical substitution 
on triplet lifetimes, and we have extended our previous study6 

of the cyclic biradicals 2a,b to the donor—acceptor substituted 
system 2c. The triplet biradicals 2 were generated by direct 
excitation of the conveniently available9 azo or housane 
precursors, and their lifetimes were measured by flash photoly
sis. The present set of biradicals 2 provides the first direct 
comparison of all three relevant substitution patterns, i.e., 
donor—donor, acceptor—acceptor, and donor—acceptor. The 
lifetimes of the triplet biradicals are given in Table 1. Since 
the lifetime of the unsymmetrical biradical 2c falls between those 
of the two symmetrical reference molecules 2a and 2b, donor-
acceptor substitution does not significantly accelerate ISC.,0 

Does the present finding contradict the second rule of Salem 
and Rowland? The answer is No! The error lies in the intuitive 
expectation (expressed above) that a polarizing perturbation will 
substantially enhance the zwitterionic contributions to the lowest 
singlet wave function, So- More detailed treatments of the two-
electron/two-orbital model for biradicals by Michl and co
workers12 have exposed the fact that a polarizing perturbation 
will induce substantial admixture of zwitterionic contributions 
only when the energy of the lower zwitterionic state drops below 
that of the covalent state. In this model, moreover, SOC 
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Table 1. Substituent Effects on Triplet Lifetimes (V) of Biradicals 
2 

biradical 

2a 
2b 

3T (ns)" 

690 ± 40" 
6000 ± 300''-' 

biradical 

2c 
2d 

V ( I l S ) " 

1840 ±40' 
1750 ±20* 

" Excitation of the azoalkane in degassed benzene at ~25 0C with a 
XeF excimer laser (351 nm. 25 ns. 150 mJ); the transient decays were 
monitored at 580 nm for 2b and 2c and at 320 nm for 2a and 2d. 
Errors are standard deviations of the mean (>8 data points each). '' Ref 
6. ' Also observed upon 351-nm excitation of the housane. 

Figure 1. Dependence of the square of the T0-So SOC matrix elements 
(left, arbitrary scale) and the energies of the Sn and Si states relative to 
Ej = 0 (right) on the parameters <3AB. which expresses the basis energy 
difference, and yAB. which represents the interaction between the 
nonbonded. localized orbitals A and B. The parameters K,\B = 0.01 
eV and /CAB = 1.6 eV were fixed. 

between the To and S0 wave functions in perturbed biradicals 
will be directly proportional to the coefficient of the highest-
energy zwitterionic wave function, ' |A2 + B2), in the singlet 
state.12c We refer to a localized basis set of two spatially 
separated NBMO's , A and B. The dependence of the SOC 
matrix elements on the relevant electronic parameters1"'1 ' /LAB. 
/C-AB, ^AB. and $ A B can then be evaluated simply by diagonal-
ization of the 3 x 3 Hamiltonian matrix, eq l,12a for the singlet 
states (diagonal elements are relative to Ej = 0) 

1 IA 2 -B 2> 2/rAB <5AB 0 

'|A2 + B2> 6AB 2(K'AB + KAB) YAB (D 
1IAB) 0 yAB 2KAB 

Inspection of eq 1 immediately leads to the (perhaps 
counterintuitive) conclusion12ax that polarizing perturbations <5AB 

induce first-order mixing of the zwitterionic wave functions ' |A2 

— B2) and ' |A2 + B2) only; first-order coupling of the highest-
energy ionic wave function "|A2 + B2) to the lowest-energy 
covalent (dot—dot) wave function 1IAB) is induced only by the 
covalent perturbation (resonance integral), yAB- Hence, the 
electronic contribution to SOC is much more sensitive to 
covalent than to polarizing perturbations. A sample calculation 
is displayed in Figure 1. With a localized basis set of two 
spatially separated NBMO's , A and B, the exchange integral 
K\B will be quite small (AMI calculations'3 on model system 
3 afford 0.01 eV) and the quantity /CA B fairly large (1.6 eV). 
Figure 1 shows the variation of the energies of the two lowest 
singlet states (right) and of the square ,4 of the S 0 - T 0 SOC 
element (left) upon variation of yAB and <5AB-

The resonance integral yAB is quite small for cyclopentane-
1,3-diyls due to the near cancellation of through-space and 
through-bond couplings (AMI calculations13 on model system 
3 afford 0.02 eV).5 The relevant portion of the diagram will, 
therefore, be near the right-wing front edge. The clearcut 

(12) (a) Dewar. M. J. S.; Zoebisch. E. G.; Healy, E. F.; Stewart. J. J. P. 
J. Am. Chem. Soc. 1985. 107. 3902. (b) Rauhut. G.; Chandrasekhar. J.; 
Alex. A.; Steinke. T.; Clark. T. Vamp. Version 5.0: University of Erlangen-
Niirnberg. 1993. 

(13) Time-dependent perturbation theory predicts that fcisc is proportional 
to the square of the SOC matrix element; see either Fermi's Golden Rule 
(Robinson. G. W. In Excited Stales: Lim. E.. Ed.; New York: Academic 
Press. 1974; p 1) or the Landau-Zener model (Landau. L. Phxs. Z. Sowjet. 
1932. 2. 46. Zener. C. Proc. R. Soc. London A 1932. 139. 696). 

(14) Wagner. P. J. Ace. Chem. Res. 1989. 22. 83. 

J. Am. Chem. Soc, Vol. 117, No. 33, 1995 8671 

message from such a treatment is that nonsymmetrical substitu
tion, which is reflected in the model by an increase of the 
parameter (5AB. does not lead to a significant increase in the 
weight of the zwitterion contributions to S0 and hence has no 
influence on SOC, until the perturbation <5AB approaches the 
critical value of (5crit = 2[ /rA B( / fA B - /CAB)]" 2 for S 0 - S , 
crossing (see Figure 1). Before this critical point is reached, 
the covalent configuration (dot—dot) dominates the ground state 
wave function S0, whereas beyond this critical point, it is a linear 
combination of the zwitterionic configurations (hole—pair).12 

Note that the triplet state is nearly degenerate with the lowest 
singlet state as long as 6AB < dcrn. In the two-electron model, 
£s -

 £ T — 2KAQ for small values of y A s ; the AMI model gives 
£s -Ej = 0.01 eV for 3. Therefore, the energy of the lowest 
singlet state will rapidly drop below that of the triplet state when 
the perturbation <5AB exceeds <5crii. 

The rise in SOC along the left-wing front edge of Figure 1 
illustrates the sensitivity towards the parameter yAB, which 
increases with the donating ability of the substituents.6 On 
exchange of one of the donors by an acceptor substituent (2a 
— 2c), the marginal increase of SOC expected from the larger 
value of (5AB is overcompensated by the decrease of SOC due 
to the lower value of yAe which results from the introduction 
of the acceptor substituent. The net result is thus a longer triplet 
lifetime (Table 1). Since the slope along the y.\B axis is much 
steeper than that along the <5AB axis, the polarizing perturbation, 
<SAB, may be ignored, and the changes in log(&isc) can be 
interpreted as an additive effect of donor (faster ISC) and 
acceptor (slower ISC) substitution.6 The same approach appears 
to hold for the Norrish type II biradicals studied by Caldwell.4 

Semiempirical calculations (AMI) 1 3 on the planar model 
system 3 confirm that the state S0 remains overwhelmingly 
covalent (dot—dot configuration) upon donor—acceptor substitu
tion (MeO/NO:). This is true even when the substituents are 
directly attached to the radical centers, as in the planar model 
system 4 (Table 2, supporting information). Hence, no signifi
cant triplet lifetime shortening is to be expected for donor-
acceptor substitution! 

We tentatively propose the following general guidelines for 
the effects of electron-donating and -accepting substituents on 
triplet lifetimes of carbon-centered 1,/i-biradicals (3 < n < 7, 
e.g., structures 1—4) whose ISC rates are governed by SOC. 
(i) The lowest singlet state wave function is insensitive to 
moderate polarizing perturbations, 6AB- Substituent effects on 
triplet lifetimes are dominated by the effect of the covalent 
perturbation (resonance integral), yAB, which is approximately 
additive for both symmetrical and unsymmetrical substitution 
for a given biradical structure. Similarly, yAe, and hence the 
rate of ISC, are expected to increase by developing covalent 
bonding in flexible biradicals.15 (ii) If the polarizing perturba
tion increases beyond S 0 - S i crossing (<3AB > <5crii), the singlet 
state will rapidly fall below the triplet state; hence, rule (i) should 
hold for localized biradicals whenever the triplet state is known 
to be the ground state. 
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