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MO calculations predict that the monoanion of 1,3,5-triphmylbenzene (Tpb) is in an orbitally de-
generate ground state. Nevertheless, the ESR spectrum in liquid NHj is well resolved; the derivative
linewidth is equal to 0.06 Oe only. The g value and the electronic relaxation times Ti and Tt were com-
parable in magnitude to those of orbitally nondegenerate radicals. It is suggested that twisting of the
phenyl rings out of the plane of the molecule, which may lift the orbital degeneracy, is the principal reason
of this behavior. 'H and D NMR experiments were performed on a reduced sample of Tpb, containing
both normal and perdeutero-Tpb. From the Fermi contact shifts signs and magnitudes of all hyperfine
splitting constants have been determined, and they agreed very well with the ESR splitting constants.
From the proton linewidths the electronic and dipolar correlation times were inferred. Quadrupole coupling
constants for all deuterium nuclei were calculated from the D linewidths.

I. INTRODUCTION

Some years ago Townsend and Weissman: reported
unusually broad ESR lines exhibited by hydrocarbon
aromatic radicals, which are predicted to have orbitally
degenerate ground states, because of their high sym-
metry (e.g., benzene anion). Since then more experi-
mental dataz's have become available, which all con-
firmed the original observation that orbitally degenerate
radicals have unusual relaxation times. In all cases
studied these features were accompanied by an anom-
alous g value. Till now a satisfactory explanation for
this behavior is lacking. It has been suggested that
both effects are associated with enhanced spin orbit.
coupling.2'3

We have performed a combined ESR and NMR
study of the monoanion of 1,3,5-triphenylbenzene
(Tpb-, see Fig. 1).4 According to MO calculations
this anion belongs to the class of orbitally degenerate
radicals;s Nevertheless, the hyperfine lines of its ESR
spectrum, measured in liquid ammonia, are very narrow
and a normal g value is observed, On the other hand,
the dianion of Tpb e has been shown to occur in a
triplet ground state, pointing to orbital degeneracy of
the monoanion.

By means of NMR, information has been obtained on
the sign of the proton hyperfine splitting constants. The
presence of a proton with a small hfsc enabled us to
determine from the H linewidths not only the electronic
correlation time (re), but also accurate values for the
rotational correlation time (tv). This in turn together
with the D linewidths yielded information on the
quadrupole coupling constantsz in the anion of per-
deutero-Tpb.

I1. EXPERIMENTAL

The ESR experiments have been performed on a
Varian 4502 X-band spectrometer, equipped with a
variable temperature control. The temperature was
measured with a copper-constantan thermocouple.
The NMR experiments have been performed on a
Varian DP-60-EL spectrometer equipped with a

V4331 60-MHz unit for proton resonance and a vari-
able frequency transmitter for deuterium resonance,
stabilized at 9.1 MHz by a crystal stabilizer. Fre-
quencies were monitored with a Hewlett-Packard
5245L frequency counter, and magnetic fields were
measured with an AEG proton magnetic resonance
field meter.

The samples were prepared by Standard vacuum line
techniques.s All samples have been reduced using
sodium metal as reducing agent. The NMR experi-
ments have been performed on samples containing
50% Tpb-"is and 50% Tpb-~is using 1,2-dimethoxy-
ethane as solvent. The NMR linewidths have been
corrected for modulation broadenings'1o and broadening

Fig. 1 1,3,5-Triphenylben-
zene.

by intermolecular dipolar interactions. The latter
correction was obtained from the broadening of the
proton signals of the solvent.

The electronic relaxation times T\ and Ti have been
determined by the continuous saturation method,
measuring the linewidths as a function of the micro-
wave power. Recently the same technique was utilized
by Kooser et al.2in studying some orbitally degenerate
free radicals. Since these authors have given an extended
description of the method, we refer for further details
to their work and to the dissertation of van Broek-
hoven.u Because of overlap of the individual ESR
lines, direct measurements of the linewidth as a func-
tion of power was impossible. Therefore, the experi-
mental spectra were compared with a series of computer
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Fig. 2. ESR spectrum of
TpbrNa+in liqguid NH3at —40°C.
The lower spectrum is a computer
simulation.

simulations, in which the linewidth has been varied
from 0.050 to 0.500 Oe in steps of 10 mOe.

HL BASIC EQUATIONS

A. Hyperfine Splitting Constants

Both ESR and NMR techniques can be used to
measure hyperfine splitting constants (hfsc) in para-
magnetic particles. The ESR hfsc are given by the
intervals between the hyperfine lines, and therefore
only the absolute value is obtained; the NMR hfsc are
derived from the Fermi contact (FC) shift, which is
equal to7'

5= - WgNPN)ANHPUT), 1)

where 6c=F C shift expressed in oersted, Up=resonance
field, ~jr=hfsc expressed in energy units, g=isotropic
g value of the radical, and the other symbols have
their usual meaning, so that not only the magnitude
but also the sign of the hfsc is obtained. The hfsc
provide information on the electron distribution.
For proton nuclei in aromatic free radicals, the well-
known McConnell-Weissman relationiz can be used,
which relates the hfsc to the integrated ir density (pT)
on the adjacent carbon atoms,

Lh—Qpt  (flii=AHgf3e), 2)

where Q is a proportionality factor.
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B. Linewidth

Generally the linewidth (T f1) will depend on intra-
and intermolecular interactions. For a nucleus in a
paramagnetic molecule the intramolecular interactions
are normally by far the most important. In our case the
linewidth parameter T% will be governed by three
intramolecular interactions, namely, the Fermi contact
(FC), the anisotropic electron spin nuclear spin dipolar
(D), and the quadrupolar (Q) interaction:

r2x= (r2i)kc+ (r2i)D+ (r*-1)» (3)

For a radical in solution subjected to rapid Brownian
motion, the following expressions can be derived for
the relevant relaxation times14-16:

{Tr"hGET{A/ny{ret[ré (I+to,sxe&)]}, (4)
{TTDd=w (5/7)X7rd+CI3rd/ (1+wsTd2)]), (5)
(r210e=3/40(2/+3)/P(27-1) eQq/hY

X[1+(1?23)]Tr, (6)

where «s is the resonance frequency of the electron,
re, ra, and Tr are the electron, dipolar, and rotational
correlation times, respectively (Td 1=rel+rr_1), élQg/h
is the quadrupole coupling constant (qcc), and Bi=
\{T".T), in which {T:T)="f£ta# Tg®2 where T is the
tensor for the dipolar anisotropic interaction, and a, /3
refer to axes of a molecular coordinate system. The other
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Tabie |. Hfsc and spin densities in Tpb- .
OESR fINM R
Carbon atom (oersted) (oersted) PESRa PNMtt" P8CF+CI
1 +0.047
2 3.58+0.02 —3.57+£0.02 0.137 +0.137 +0.150
7 +0.038
8 0.93+0.02 —0.94+0.01 0.036 +0.036 +0.032
9 0.155+0.005 +0.156+0.003 0.006 -0.006 -0.008
10 1.55+0.02 —1.54+0.01 0.059 +0.059 +0.050

aThese values have been calculated by setting G equal to 2 ,* ;/(2fp2so F+c 1. where the summation is over aU carbon atoms bearing protons.

symbols have their usual meaning. Details of the deriva-
tion of Eq. (5) are given in the Appendix.

Under the conditions of our experiments wsst< and
wsVd~l, so that the frequency-dependent terms in
Egs. (4) and (5) can be neglected. In the application
of Eq. (s) we will assume an axially symmetrie field
gradiént (77=0), which will introducé an error of at
most 25% in gcc.

IV. RESULTS AND DISCUSSIONS

A. Hyperfine Splitting Constants

Figure 2 shows the ESR spectrum of Tpb- in liquid
ammonia at —40°C. The spectrum is very well re-
solved, and the derivative linewidth is equal to 0.06

Oe. With the hfsc listed in Table I a perfect computer
fit was obtained (see Fig. 2).

The spectra in 2-methyltetrahydrofuran (MTHF)
(see Fig. 3) and in 1,2-dimethoxyethane (DME) were
less resolved, and the derivative linewidths were equal
to 0.2 and 0.12 Oe, respectively. These spectra could
also be simulated perfectly with the set of hfsc in
Table I and the above mentioned linewidths (see
Fig. 3).

Figure 4 shows the  and 2D NMR spectra. Accord-
ing to Egs. («) and (s, the magnetic contributions to
the 2D linewidth are a factor (yni7d)2-42.5 smaller
than the corresponding contributions to the X line-
width. Inasmuch as the magnetic interactions pre-
dominate the D linewidth and the FC shifts are inde-

Fig. 3. ESR spectrum of Tpb~Na+
in MTHF at —80°C. The lower spec-
trum is simulated.
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100 gom

DMR at 9.14 Mhz
135- Triphenylbenzene-d1B

Fig. 4. H and 2D NMR spectrum of normal and perdeutero Tpb (in equal concentrations) in DME completely reduced with
Na. As internal deuterium reference about 5 vol% THF-rfs was added. The peculiar shape of the reference signal was caused by satura-

tion effects.

pendent of the magnetic moment of the isotope, the
resolution in the D spectrum will be better than in the
'H spectrum.71z In Table | the NMR hfsc are also
listed; excellent agreement exists with the ESR hfsc.
The NMR experiments reveal that the spin density on
carbon atom 9 is negative.

Column 6 in Table I contains the theoretical x spin
densities, calculated with an open-shell Pariser-Parr-
Pople SCF MO calculation, including configuration
interaction. The agreement with the experimental spin
densities, obtained with the aid of Eq. (2) with h= —26
Oe, is very satisfactory. The assignment of the theoreti-
cal spin densities is made on the basis of the correspond-
ence with the experimental spin densities.

B. g Value and Electron Relaxation Times

Using the g value of anthracene- in NHs as a refer-
enceis to eliminate systematic errors, the absolute g
value of Tpb- in NH3 corrected for the second-order
shift,is is equal to 2.002722+4X 10-6. For Tpb- in
MTHF avalue of 2.002/2 £ 1X10-5 was found. Guided
by the MO calculations, which predict that the lowest
antibonding MO’s are degenerate,s it was expected that

Tabte Il. Electron relaxation times of Tpb Na+.
T TiX106 r,Xadb
Solvent (sec) (sec)
MTHF -79 0.78+0.23 0.32+0.01
DME -77 0.47+0.14 0.65+0.02
NHj(I) -51 1.9+0.5 1.3+0.1

Ag, the deviation from the free electron g value, should
not fulfill Stone’s semiempirical relation,s19

Ag=[(27.6+0.8)- (17.2+2.0)X]X10-5  (7)

which seems to be valid for orbitally nondegenerate
radicals. In this equation, Xrefers to the Hiuckel param-
eter in the energy expression (E\=a+\f3) for the
lowest antibonding MO; for Tpb, X=—0.66. Substitut-
ing this into Eq. (7), one obtains

Ag=(39%l1)X10-5;
the experimental value is
Ag= (40.0%£0.4)X10-5.

Hence, within the limits of error no deviation is found,
contrary to the observations for other orbitally de-
generate radicals.182021

The values of the relaxation times T\ and T2 are
collected in Table Il. Relaxation times of orbitally
degenerate radicals are all of the order of 10-7 sec,2,321,22
whereas Ti and T» for orbitally nondegenerate radicals
are about 10-6 sec. Ti and T2 of Tpb- in NHs closely
resemble the values measured for the latter class of
radicals.

At this moment a satisfactory explanation for the
anomalous g value and relaxation times of orbitally
degenerate radicals is still lacking. Most proposed
explanations involve an enhanced spin-orbit inter-
action.s One may conclude from the normal behavior of
Tpb- in this respect that this mechanism is quenched
for Tpb-. This might be caused by an out-of-plane
bending of the phenyl rings, which might lift the orbital
degeneracy. The phenyl rings of neutral Tpb in the
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Tabtre IlIl. NMR linewidths as function of the concentration.
*H linewidth T2 1 (sec-1) D linewidth T2 1 (sec ¥
ionceiurauon ----------=---memen
M H2 Hs h9 Hi, Dz d8 d9 Dio
0.42 16 000+2000  490+10 430+30 58+3
0.65 7900+300 247+9 21615 57+2 550+30
0.82 4460+70 180+10 11 000+2000 1800+400 17345 65+4 410+20
1.04 2 840+40 130+ 10 7 600500 1120430 165+3 83+2 340+10
1.21 26 000+£2000 1190+40 80+20 5380+70 810+30 175+3 130+2 390+30

solid and in the gaseous state are twisted on the
average by about 40°.232 However, the lifting of the
degeneracy cannot be large since the dianion of Tpb is
in a triplet groundstate.66

The increase of the linewidth of the hyperfine lines
in the ESR spectrum going from NH3 to less polar
solvents, such as DME and MTHF, is also remarkable.
It was first thought that a small unresolved alkali
splitting or minor changes in the proton hfsc might be
the reason. This can be ruled out, however, because the
NMR hfsc of Tpb-, dissolved in DME, are the same as
the ESR hfsc of Tpb-, dissolved in NH3 and the Na
hfsc determined by carrying out ZNa resonance in a
1M solution at room temperature amounts to +6
mOe only. In addition the T™\ measurements also point
to other mechanisms.

As a possible explanation we suggest the formation of
solvated ion pairs, taking place in the less polar solvents.
The small alkali hfsc observed by NMR is evidence
for this. The nearby presence of the solvated cation
might induce a more planar structure of the radical,
so that its behavior will more resemble that of orbitally
degenerate radicals. If this is the case, one might also
anticipate an increase of the g value: Degenerate
radicals show deviations from the g value predicted by
Stone’s plot of about 10-4.21 However, the g value of
Tpb- measured in MTHF is equal to the value meas-
ured in NH3within the limits of accuracy. It is possible
that the expected increase of the g value due to the
restored orbital degeneracy will be largely compensated
by the effect of ionic association. Though the g value of
nondegenerate radical anions is lowered only by an
amount of Ag”™IO-5 upon association with Na+,527
we have found evidence that this effect can be much

Tabte IV. Linewidth parameters.

Proton
(deuterium)  (A/nyXxio-2  (B/nyxio-12 elgQ/h
atom (rad/sec)2 (rad/sec)2 (MHz)
2 3974 283 0.64+0.20
8 268 24.4 0.50+0.06
9 7.44 10.3 0.46+0.06
10 745 68 0.65+0.11

stronger on orbitally degenerate radicals: The g value
of the planar triphenylene anion, which is orbitally
degenerate, decreases from 2.002839 to 2.00273 (Ag=

11X10-6) when association with Na+ takes place.ll
If it is assumed that this effect is of the same magnitude
in the planar Tpb- anion, then the effect of the orbital
degeneracy upon the g value would be canceled out.

C. NMR Linewidths

The linewidths of the proton and the deuterium NMR
signals, determined at various concentrations, are
collected in Table Ill. These data can be used to
evaluate correlation times and quadrupole coupling
constants.

1. Correlation Times

The correlation times have been determined from the
'H linewidths under the experimental conditions that
cosV™I, so that

TriH) =i {A/nyret (7/20) (B/hYra. (8)

The parameter A can be derived from the FC shift,
and the value of B can be calculated using the formulas
of McConnell and Strathdee? (see Appendix). For the
latter calculations experimental spin densities are used,
if possible, and otherwise theoretical ones. For the
anisotropic dipolar interaction between the proton and
the electron on the adjacent carbon atom, the experi-
mental values for the C-H fragment in the radical of
malonic acid were used.® The numerical values for A
and B are listed in Table IV.

It is clear that two independent equations are re-
quired in order to determine reand «< The set of equa-
tions arising from linewidth data of protons with large

Tabte V. Correlation times.

Concentration T.X101 TdXlon ttX iou
M (sec) (sec) (sec)
0.42 24 +3 0<td<3.0 0<rr<3.4
0.65 11.7+0.5 0.8+0.4 0.9+0.5
0.82 6.4+0.1 1.7+0.4 2.2+0.6
1.04 4.0+0.1 1.5+0.3 2.4+0.8
121 2.9+0.1 0.7+0.6 0<rr<2.5
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hfsc will not meet this requirement because both A and
B are then proportional to the spin density at the
adjacent carbon atom, so that the equations become
mutually dependent.

If one of the equations contains significant dipolar
contributions from spin densities present on nonad-
jacent carbon atoms, which is usually the case for
protons with small hfsc, the parameter B is not pro-
portional to the spin density at the adjacent carbon
atom, and the two equations become independent.

The correlation times in Table V are calculated from
the linewidths of protons 8 and 9 because they are the
most accurate and can be measured over the entire
concentration range studied. Accurate data for ra
could only be obtained in the concentration range from
~0.8 to ~1.0Af. At lower concentration the dipolar
contribution is small with respect to the scalar contri-
bution (10% or less), which renders the determination
of Td inaccurate. At higher concentrations the cor-
rection for intermolecular broadening is large, especially
for T r 1of proton 9, which then restricts the accuracy.

An interesting feature in Table V is the decrease of
Teon increasing the radical concentration. According to
the model of Pake and Tuttled® r« should be inversely
proportional to the concentration of radicals. Figure 5
shows that this is rather well fulfilled.

Fig. 5. The electronic correlation time, «,, versus the reciprocal
of the concentration of Tpb- at +30°C.
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2. Quadrupole Coupling Constants

The quadrupole contribution to the deuterium line-
width can be obtained by subtracting from it the proton
linewidth multiplied by (td/th)2 Substituting the
values for tt (Table V) in Eq. (6) with i\=0, the qcc
for the four different types of C-D bonds can be cal-
culated. To get meaningful results only the most
accurate t> values were used. The qcc in Table 1V
exceed the value of 0.18 MHz, reported for a C-D
bond in a neutral deuterated aromatic molecule,3,3
by about a factor 3-4.

For the time being it is not fully clear whether this
additional contribution to the qcc is from inter- or
intramolecular origin. The calculations of White and
Drago2 suggest that an intramolecular contribution
arising from the presence of the extra electron is perhaps
not sufficiént to explain this large change in field
gradiént. If it is intermolecular from origin, arising
from the ion pair formation, the field gradiént should
depend on the structure of the ion pair and hence on
the nature of the solvent, counterion, and aromatic
molecule.6 This is the subject of further investigations.
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APPENDIX A: DERIVATION OF THE DIPOLAR
LINEWIDTH (ra-~D

The Hamiltonian describing the anisotropic dipolar
interaction between a nuclear spin and an electron spin
in a rapidly tumbling molecule is given by

3Cd(0=I'T(O'S, (Al)

where

Tij(t) = gpeghoN{t | I*>

i}j=x, y, z refer to the laboratory coordinate system,
and 41is the wavefunction describing the odd electron.
3 (0 can be rewritten as
ADO=[S*/,-i(S4/-+S-/+)]Fo(0+ (SI++S+1,)
XF1(t)+ (S J-+S-12)F1(t)

+S+HI+F2(1)+S-1-F2(t), (A2)
in which
Fo(t) = T, (t),
Fi(0 = {t)-iTyz(<)], (A3)

Pt(f)= \[Tx(0-Tyy (Om2iT~ (O1
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Following Solomon,5 the expression for the <T21)d
becomes

(rr))=<»)-((,,+7ti- L )

+(h " + h'S w) <|Fi]>

+ 1+

(m)
where co/ and cos are the resonance frequencies of the
nuclear spin and the electron spin, respectively, r, is
the rotational correlation time, and the quantities
(| Fi P are ensemble averages.

The ensemble averages can be calculated using the
relations holding for the tensor averages TijTu, where
i,j, k, lareany of the x, y, z axes.38It is then found that

{F&)=MT--T),

(\FM)=MT:T), (AS)
with (T'.T)="£apTa® a, refer to a molecular
coordinate system. Substituting these values into
Eqg. (A4), then, under the condition that co/2Iv23d,
Eqg. (A4) simplifies to

(r,-)d = (B/ny{7rr+ [i3r>/(i+coA,2]},
where

(A6)

B2=i(T:T). (A7)

When S is also time dependent ‘the same formula holds,
however with rr replaced by n, the dipolar correlation
time Md-1=tw-1+ r<rl).

APPENDIX B: CALCULATION OF THE DIPOLAR
TENSOR ELEMENTS T«

The explicit expression for Tepis
T ~ = —gPegNfiif(* |Z(rBafh—Sal/S)/IN] o). (BI)

Substituting crgn, where the functions 4>are the
2pz AQO'’s of the carbon atom, Tas can be written as

T~A= Z PMIM=Tr{pT}, (B2)

m.n
with
pm GOnj
Tmn= —gPegN'"N{<t>m |[O 28 —3a/3)/r] |9n).
If the zero overlap approximation is used, only diagonal
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elements remain, which are calculated with the formulas
given by McConnell and Strathdee.B
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