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the potassium ion may be expected to approach aniline ap­
proximately along the dipole axis, it is evident that the r cloud 
of the aromatic ring would come quite close to the ion and a 
particularly favorable induced dipole and dispersion interaction 
should result. This effect would further explain the large po­
tassium ion affinity observed for aniline. 
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Abstract: Magnetic circular dichroic spectra of the ^HshCH"1" and (CeHs^CH- ions are approximate mirror images of 
each other as predicted by the pairing theorem within the framework of the 7r-electron Pariser-Parr-Pople (PPP) model. The 
spectra reveal the existence of two transitions in what appears to be the first absorption band in each ion. The observed abso­
lute MCD signs are in agreement with results of PPP calculations and also with simple arguments based on inspection of 
Hiickel orbitals of the ions. 

A general theorem2 valid for the Pariser-Parr-Pople 
(PPP) model3 states that ir-electron contributions to the 
magnetic circular dichroic (MCD) spectra of two species 
paired in the sense of alternant symmetry4 should be mirror 
images of each other (their absorption spectra should be 
identical4,5). Since this a priori prediction follows from the 
fundamental structure of the PPP model and is independent 
of the choice of parameters and most other calculational de­
tails, an experimental test will provide important indica­
tions of the extent to which the model is valid for ir elec­
trons and of the role which a electrons play in codetermin-
ing the MCD spectra of 7r chromophores. This is of particu­
lar interest in view of the recent questioning of the validity 
of the concept of alternant symmetry and pairing based on 
ab initio calculations on benzene.6 

It is known7 that the differences of experimental absorp­
tion spectra of the members of a cation-anion pair are small 

for ions with well delocalized charge, such as radical ions of 
even alternant hydrocarbons, and somewhat larger for ions 
with charge largely localized at one atomic center, such as 
polyarylmethyl ions. This has been tentatively attributed to 
the larger sensitivity of anions of the latter kind to effects of 
pairing with the counterion but could also be due to defi­
ciencies in the PPP model. We have selected the diphenyl­
methyl ions (Ic, Ia) as a fairly demanding case for testing 

+ 3 A 

Ic 
the PPP prediction and used solvents believed to minimize 
ion association. Ions Ic and Ia are well known,7"9 and their 
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Figure 1. Diphenylmethyl cation (Ic) in H2SO4. Top: MCD; center: 
absorption; bottom: PPP calculation (thick lines: oscillator strength 
above 0.2; thin lines: below 0.02; dashed lines: short-axis polarized; full 
lines: long-axis polarized; long lines: the absolute magnitude of B term 
above 1O-2 D2 /3e/cm_1; short lines: below 1O-3 D2 ft/cm-1; upper 
part: positive MCD; lower part: negative MCD). 

electronic absorption spectra have been rationalized in 
terms of simple Hiickel theory.5 '7 '10 The Hiickel model pre­
dicts accidental threefold degeneracy for the lowest excited 
state.7 More elaborate calculations have also been reported, 
using the simple PPP method9 and a variable electronega­
tivity version thereof,11 for which the exact pairing property 
is no longer present, so that some differences are predicted 
between the spectra of Ic and Ia. In these PPP calculations, 
the threefold degeneracy is slightly split. Experimentally, 
no convincing evidence has been available for the presence 
of more than one electronic transition in the strong band 
observed near 430 nm.7-9 

In the present paper, we report a measurement and PPP 
calculation of MCD spectra for Ic and Ia and find good 
agreement with expectations based on the mirror-image 
theorem.2 Simultaneously with our initial report1 of these 
results, a communication12 on MCD spectra of two addi­
tional pairs has appeared. These were the radical cation-
radical anion and double cation-double anion of perylene. 
Also for these two pairs, the expected mirror image relation 
was confirmed.'2 

Experimental Section 

Sample Solutions. Diphenylmethanol was prepared by LiAlH4 
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Figure 2. Diphenylmethyl anion (Ia) in hexamethylphosphoramide. 
See caption to Figure 1. 

reduction of benzophenone (Matheson Coleman and Bell), crystal­
lization, and gradient sublimation. Solutions containing Ic were 
prepared by dissolving the carbinol in spectral grade concentrated 
H2SO4 or distilled HFSO3 (under N2). Measurements were per­
formed on freshly prepared solutions. 

Diphenylmethane (Matheson Coleman and Bell) was purified 
by vacuum distillation, hexamethylphosphoramide (HMPA, Al-
drich) was vacuum distilled over CaH2 , and NaH (Baker) was 
washed several times with absolute ether. Standard vacuum line 
(1O - 6 Torr) procedures (potassium mirror getter) were used for 
the preparation of Ia by reaction of diphenylmethane with NaH in 
HMPA in a sealed all-Pyrex vessel with an attached quartz optical 
cell. The reaction was complete after 3 weeks. 

Spectroscopy. Absorption spectra were recorded on a Cary 17 
spectrophotometer; MCD instrumentation has been described else­
where.13 Optical paths of Suprasil cells were 0.5 and 1 mm for Ia 
and 1 cm for Ic. The same spectra for Ic were obtained in H2SO4 
and HFSO3. Absorption spectra agreed with those reported (there 
is considerable scatter in the extinction coefficients reported for 
Ic). Oscillator strengths were evaluated a s / = 4.319 X 10~9 ft dv 
and B terms as B = - (33.53P 0 ) - 1 SWM dP, where P0 is the band 
center in cm - 1 and [0]M is molar ellipticity per unit field in deg 1. 
mol - 1 i r r 1 G - 1 . 

Calculations. PPP SCF-CI calculations were performed as de­
scribed in ref 14, using all singly excited configurations and stan­
dard parameters [0 = -2.318 eV, 7(l„ = 14.399/(1.328 + /•„„)]. 

Results and Discussion 

The absorption and MCD spectra of Ic and Ia are shown 
in Figures 1 and 2, respectively. Table I compares the spec­
tral observables with results of our PPP calculations. It ap­
pears very likely that Ic in H2SO4 and Ia in HMPA exist ei-
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Table I. Spectral Data for Ic and Ia 

PPP 
SCI 

Exp 

I 

Ic 

Ia 
Ic 

Ia 

E" 
/ r * 

/ p * 
PoK 
BS 
Bb

d 

B Same as 
E" 
P 
Bf 
E" 
fe 

Bf 

1 

23.05 
0.04 
0.04 
y 

-2.65 
-2.53 

Ic except 
i 

^ 

2 

23.52 
0.06 
0.006 
X 

-49.45 
-50.85 

3 

23.86 
0.94 
0.52 
y 

+51.69 
+ 53.11 

with opposite signs 
21.9 
0!8 

-4.9 
19.2-20.3 

0:5 
+4.3 

24.3 ; 

+6.1 
22.5 , 

-2.4 

Transition No. 

4 

37.10 
0.11 
0.04 
X 

+0.24 
+0.32 

5 

42.65 
0.002 
0.002 
y 

+0.05 
+0.05 

6 

42.76 
0.0002 
0.0002 
X 

-0.07 
-0.07 

7 

45.40 
0.05 
0.04 
y 

+0.23 
-0.05 

8 

48.57 
0.0002 
0.0002 
X 

-0.01 
-0.01 

9 

51.66 
0.68 
0.32 
y 

+0.18 
+ 1.00 

0 Transition energy in 103 cm-1. * Oscillator strength: / r from dipole length formula, fp from dipole velocity formula. c Polarization: v, 
long axis; x, short axis. d Calculated B terms in units of 1O-3 D2 ^ /cm" 1 . The values given indicate the extremes of the range covered by 
the calculated B term when the origin moves from the top end of the molecule (S,) to the bottom end (fib) in formulas Ic and Ia. e Experi­
mental oscillator strength, f Experimental B terms. 

ther as free ions or loose ion pairs, but rigorous proof is not 
available (cf. ref 15). 

While the absorption spectra of Ic and Ia are very similar 
(except that absorption of Ic is stronger), their MCD spec­
tra are very close mirror images of each other (except that 
the intensities are higher in the case of Ic). This result, par­
ticularly when considered together with the similar recent 
observations'2 for the perylene radical ions and double ions, 
represents a gratifying confirmation of the a priori theoreti­
cal prediction of the PPP model. It indicates that the model 
correctly incorporates the fundamental features of the elec­
tronic structure of 7r-electron systems and it provides fur­
ther support for the important concept of state pairing. 
Moreover, it indicates that consideration of magnetic mix­
ing of X7r* states with excited states involving promotion 
from or into a orbitals is not essential for the understanding 
of the behavior of irir* transitions in the long-wavelength 
region in the MCD spectra of 7r-electron chromophores. 
This is important since the PPP model is much simpler than 
all-valence electron models and lends itself readily to the 
use of pictorial arguments for absolute signs of B terms, 
which require no computations at all,14-16-17 and to the deri­
vation of general rules, e.g., for effects of substitution on 
benzene17-18 and polycyclic hydrocarbons.1,19 At the same 
time, it is obvious that the PPP model is not exact, and 
MCD spectroscopy provides an interesting new method for 
exploration of the ways in which it deviates from reality. 

The MCD spectra provide the first piece of experimental 
evidence in favor of the composite nature of the 22-23 000 
cm -1 absorption band in the spectra of Ic and Ia. The 
MCD spectral shapes are reminiscent of those observed for 
transitions into doubly degenerate excited states {A terms). 
Since symmetry of Ic and Ia is not sufficiently high to per­
mit degenerate states, the MCD shape must be interpreted 
as due to accidental near degeneracy in the excited state 
leading to two B terms of opposite signs. 

7r-Electron calculations assign low-energy transitions in 
Ic to electron jumps from several of the highest occupied 
molecular orbitals (HOMO's) into the lowest unoccupied 
("nonbonding") orbital (LUMO) and those in Ia to jumps 
from the ("nonbonding") HOMO to the several lowest 
LUMO's. As mentioned in the introduction, the simple 
Huckel model predicts the HOMO of Ic as well as the 
LUMO of Ia to be triply degenerate. In the PPP model, this 
is still approximately true. Indeed, the transitions from the 
three HOMO's into the LUMO in Ic as well as their "mir­

ror image" transitions from the HOMO to the three 
LUMO's in Ia are calculated to occur at almost the same 
energy (Table I). Inspection of these orbitals shows that one 
of the three approximately degenerate transitions should be 
weak and short-axis polarized (X), whereas two, one weak 
(Yi) and the other very strong (Y2), should be long-axis po­
larized. Consideration of the effects of configuration inter­
action has essentially no effect on these conclusions. The 
much larger intensity of one of the three transitions ex­
plains why the absorption curve shows essentially no indica­
tion of the presence of weaker transitions buried under­
neath. In the related triphenylmethyl cation, whose MCD 
spectra have been measured recently,15 the situation is even 
more complicated since fivefold degeneracy is predicted for 
the lowest excited state at the Huckel level. In the PPP 
model for propeller-shaped geometry, these states split into 
2Ai + A2 + E: the transitions to the two A] states are for­
bidden, transition into A2 is polarized along the threefold 
axis, and transition into the degenerate E state is polarized 
in a plane perpendicular to this axis.7 The relative intensity 
of the two allowed transitions depends on the degree of pro­
peller twist. In H2SO4 and HFSO3 solvents, the lowest 
wavelength transition at 430 nm apparently is into the E 
state since an A term appears at this wavelength in the 
MCD spectrum. The shorter wavelength transition at 406 
nm then is into the A2 state and its negative B term is ap­
parently superimposed in the MCD spectrum on the short-
wavelength tail of the A term, so that only a weak positive 
MCD peak appears near 380 nm. The reasonable agree­
ment of the MCD spectra in H2SO4 and HFSO3 solvents 
with simple-minded expectations is encouraging for our 
present attempts to rationalize the MCD spectra of Ic and 
Ia in these solvents. In other solvents, however, the spectra 
of the triphenylmethyl cation show some interesting compli­
cations presumably due to ion pairing which changes the 
shape of the propeller.15 

The PPP prediction of the order of the three transitions 
in Ia and Ic, Yi, then X, and then at highest energy Y2, 
cannot be considered reliable since the energy differences 
are miniscule (Table I). Indeed, the published calculation 
by a modified PPP method11 gave a different order from 
ours and also different order in Ic and in Ia. It might thus 
appear that the agreement of the calculated order of MCD 
signs with experiment displayed in Table I is purely fortui­
tous, since the employed formula20 for B involves division 
by energy differences: 
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B(G — F) = Im Z <I | i t |G).<G|M|F> 

X(F]M]Df(W1- WG) 

+ L (F\M\1) (G|M|F> X ( I |M |G) / ( ^ i - WF) 

Here, G is the ground state^F the final state, M the electric 
dipole moment operator, M the magnetic dipole moment 
operator, W\ is the energy of Ith state, and the summations 
are run over all molecular electronic states I except as 
shown. 

Closer examination reveals, however, that the predicted 
order of MCD signs is independent of the details of or­
dering of states X, Yi, and Y2, and indeed of all details of 
the calculation, and can be understood by simple inspection 
of Hiickel MO's without any calculation using techniques 
of ref 14. This is possible since the three nearly degenerate 
singly excited configurations mix very little when CI is in­
troduced into the PPP description. As might be suspected at 
first sight, the calculated B terms of the nearly degenerate 
transitions X, Yi, and Y2 are due to the mutual magnetic 
mixing of their excited states, and mixing with other states 
makes totally negligible contributions. The contribution 
from mutual mixing of excited states of transitions Yj and 
Y2 vanishes by symmetry, so that only two quantities re­
main to be considered, due to X-Yi and X-Y2 mixing. 
Since the transition Y2 is much stronger than transition Yi, 
it is no surprise that the calculated effect of magnetic mix­
ing X-Y2 dominates not only the sign of the B term of tran­
sition Y2 but also that of transition X. The other mixing, 
X-Yi, then only determines the sign of the B term of tran­
sition Yi, whose calculated magnitude is so small so that it 
is likely to be buried under the strong MCD peaks due to 
transitions X and Y2. Experimentally, we find no clear-cut 
evidence for it in the MCD spectrum. Thus, although the 
theoretical arguments for the presence of three transitions 
appear convincing to us, it remains to be proven that three 
rather than just two are indeed present, and polarization 
measurements might achieve this. 

In order to understand the MCD signs arising from 
X-Y2 mixing, we shall concentrate on the case of Ic (the 
case of Ia is completely analogous). The contribution to the 
B term of transition X which originates in X-Y2 mixing can 
be written as 

(X|it|Y2) 
B(X from Y2) = Im 

I W Y 2 - ^ X 
(G M|X) 

X(Y2 |M|G) 

Obviously, the contribution to the B term of transition Y 
from the same mixing will be S(Y2 from X) = -B(X from 
Y2). The sign of the triple product can be evaluated easily 
by inspection of the MO's involved in the transitions X and 
Y2 (the only potential problem is distinguishing which of 
the three HOMO's is involved in transition Yj and which 
one in transition Y2, but this is easily accomplished by in­
spection of the transition dipoles: that for Y2 is large, that 
for Yi small). We find it easiest to use the three-sign rule 
described in detail in ref 14. The resulting sign of B(X from 
Y2) depends on the sign of the energy difference WY1 — 
Wx- If X lies at lower energy than Y2, the sign derived by 
orbital inspection using methods of ref 14 is B(X from Y2) 
< 0, i.e., the MCD peak of transition X should be positive 
and that of Y2 should be negative. This is in agreement with 
our PPP calculation and with experiment. If X were to lie at 

higher energy than Y2, the sign of WY1 — Wx would 
change while the transition moment vectors would remain 
the same, so that B(X from Y2) > 0; i.e., the MCD peak of 
transition X should now be negative and that of Y2 positive. 
Therefore, regardless of the ordering of the states X and 
Y2, the lower energy transition should have a positive MCD 
sign and the higher energy transition should have a negative 
MCD sign, as is indeed observed for Ic. This argument 
shows that assignment of the two observed transitions to X 
and Y2, respectively, cannot be done on the basis of our 
data, so that it is not possible to decide at present whether 
the ordering shown in Table I or that calculated in ref 11 is 
correct. 

The magnitude of the calculated B terms is much too 
large, even considering the probably considerable cancella­
tion of the two MCD bands observed. This is most likely 
due both to the use of dipole length formula in our expres­
sion for B, known to yield exaggerated oscillator strengths 
when used at the SCI level, and to errors in the calculation 
of the energy difference WY2 — Wx. It is actually quite 
amazing that the magnitude of the experimental B terms is 
so similar in Ic and Ia considering how sensitive it should be 
to even very small differences in the separation of the X and 
Y2 transitions. Such differences could be the origin of most 
of the minor deviations from the perfect mirror image rela­
tion expected from the simple PPP model.21 
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