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LETTERS TO THE EDITOR

only at the x-axis and not over an appreciable range
of angle about X because of overlapping.

With the notable exception of this very last case,
the pair hyperfine structures were fitted, within the
uncertainty of their measurement, by a spin Hamil-
tonian which was of the form of the last two terms of
(1) but with the k-sums running over the 16 indexes
of the protons of the pair and with the A, component
values® for the isolated molecule replaced by values
one half as large. This result is to be expected on the
basis of the spin exchange model in the limit of infinite
exchange and of negligible interaction between the
electron spin on one molecule and the proton spins on
the other.

In that case in which H, was set parallel to the
x-axis of one molecule, the hyperfine splitting of the
EPR pair line had approximately twice the value given
by the hyperfine spin Hamiltonian which is described
above and which fitted the hyperfine patterns observed
along the principal axes of the pair spectra, i.e., they
had approximately the isolated molecule value.

ENDOR frequency scans were made with Hy fixed
in direction and magnitude at the values required for
EPR of the pairs for the microwave carrier frequency
being used. At K-band H, was varied over a range,
~0.247(43°), of angle about X for one molecule, and
at X-band by ~0.10r(18°) about X* for the pair. In
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both cases the observed ENDOR originated from that
electron spin state of the pair which was approximately
describable as the strong field state, Ms=0.:2 The
ENDOR frequencies and the small but measurable
angular variations of ENDOR frequency agreed with
the pair hyperfine spin Hamiltonian mentioned above,
even for that case in which Hy was parallel to X for
one molecule at K-band frequencies and which showed
the anomalous EPR hyperfine structure. The reason
for this apparent anomaly is not yet understood.

We thank Dr. Marvin D. Kemple for discussions of
this work.
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Optical, magnetic resonance, and ENDOR studies of the »x* triplet state of benzophenone
in mixed crystals*

RoBiN M. HocHsTRASSER,} Gary W. Scort,} anp Ammep H. ZEwAIL

Department of Chemistry and Laboratory for Research on the Structure of Matter, The University of Pennsylvania,
Pliladelphia, Pennsylvania 19104

We wish to report our preliminary results of optical
spectra, phosphorescence, EPR, and ENDOR spec-
tra of the nz* lowest triplet state of benzophenone
in a mixed crystal. Despite previous optical’? and
magnetic®® measurements on excitons and traps in
neat benzophenone crystals, there are no previous
studies of essentially isolated benzophenone molecules
in a well-defined dilute mixed crystal system. Such
new results are important in establishing the spin
distribution in a prototype n#* state, the effects of
nuclear motion on the fine structure constants, and
the possible influence of spin—orbital coupling energies
on the zero-field splitting of carbonyl #a* states.

The experiments refer to single crystals of 4,4’-
dibromodiphenylether (DDE) containing =102 mole
per mole of benzophenone. The host is optically trans-
parent in the region of the guest n##x* electronic states.
The sharp (=3 cm™) and well polarized optical
spectra of the guest, and the results of the low field

EPR experiments indicate that we have a substitutional
solid solution in agreement with expectations based
on the similar geometries of host® and guest’ molecules.
The observed phosphorescence zero-zero band and
the zero-field splittings as obtained by optical detec-
tion of magnetic resonance (ODMR) at zero field are
given in Table I for various isotopically substituted
benzophenones. Table I also contains these parameters
for some benzophenones in perdeuterobenzophenone.
All the DDE mixed crystal ODMR transitions cor-
responded to a decrease in the benzophenone phos-
phorescence.

Mixed crystals of 2C- and C-benzophenone in
DDE were oriented conoscopically according to the
published structure data®® and an Hj field of 1001 G
was rotated in the ab and be crystal planes: ¢ cor-
responds to the molecular two-fold axis and b makes
+1°40’ with the lines of ring centers within the two
magnetically equivalent molecules. The DDE crystal
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Tasie I. Zero-field splittings and observed phosphorescence origin energies of isotopically substituted benzophenone na* triplets
in mixed crystals at ~1.7°K.

T:— S, origin [((D—E)/h |pesx  [(D+E) /R |pear | 2B/ | pes
Guest Host (vac cm™) (MHz) (MHz) (MHz)

CeHi2COCe¢H;(2C-benzophenone-4,,) DDE 23 578.0 5225.8240.33 4182.064-0.21 1043.76*
CeH3COCsH; (33C-benzophenone-#,) DDE 23 586.1 5217.2040.16  4171.16+0.30 1046. 04~

23 577.9¢
CeDs2COCeH;(12C-benzophenone-ds) DDE 23 595.4 5236.02+0.36  4199.5540.10 1036.47=
CeDs2COCsD;(2C-benzophenone-d;s) DDE 23 612.8 5245.744-0.05 4215.324-0.17 1030.5b
CeH:2COCsH; C12D1p2CO 24 191.7 5173.2940.48  3932.4640.17 1240.7640.13
CeHs1¥COCeHs C12Dy12CO 24 199.8 5163.174+0.24  3919.57+0.18 1243.63+0.20

24 191.8¢

s Not observed.
b Observed by electron-double resonance only. See Ref. 3.

< Identified as 12C-benzophenone by emission intensity and characteristic EPR.

space group is Ccc(C2'*) and there are four C; sym-
metry molecules per unit cell. Both sets of magnetically
inequivalent molecules were observed in the ab plane,
thereby fixing the angle between y of one of the mole-
cules and b at 20°32° which is in reasonable agree-
ment with the EPR of neat benzophenone.® The
relative signs of D and E are determined by these
experiments and since the sign of D is known from
optical spectral® we conclude that D/h=—4703.944
0.27 MHz, E/h=+1521.8840.27 MHz for 2C-benzo-
phenone-/;, implying the energy ordering I'.,>T,>T,
of spin states.

The isotope effects on D and E have the signs
expected from the change in rms displacement from
equilibrium (®C), and the change in « spin density
at the carbonyl carbon due to the isotope effect on
the rms torsional displacement from equilibrium (dy).
Isotope effects on the anharmonicity and on the spin—
orbital coupling of 3»#* with nearby *zr* states via
L, would be expected to give contributions having
opposite signs from those observed. The ¥C zero-field
hyperfine shift of the T, doublet state is computed
from following data to be 4+0.14 MHz.

For the *ua* state of *C-benzophenone-#;, (but not
for 2C-benzophenone) in DDE, with Hj parallel to a,
a hyperfine splitting of ~10.5 MHz was observed. By
mounting a larger rf coil coaxially with the slow wave
helix, several ENDOR transitions could be studied
for 2C- and ®C-benzophenone-#, in DDE whilst
rotating Hp in the ab and be planes. Changes of inten-
sity at the peak of the 4 GHz transition (observed
by modulating the microwave power at 80 Hz and
detecting changes in the 0-0 or 0-1 carbonyl stretch
phosphorescence bands) were monitored while sweeping
the cw ENDOR source. The ¥C ENDOR was dis-
cerned by its absence in 2C spectra while the persistent
ENDOR transitions may be due to protons.

The BC ENDOR frequencies (extrema, #4-=7°) are
for Hy ||z, 5.3140.15 MHz; for H,|| x, 5.8140.05
MHz; and for Hy ||y, 2.54:0.5 MHz. Neglecting the

nuclear Zeeman effects the ¥C hyperfine tensor ele-
ments"! are therefore: | Ag+id.y |/h=43.6610.36
MHz, | Ay+id.y |/h=23.4424.7 MHz, and | 4., |/k=
11.244:0.56 MHz. | As |/h<4 MHz.

The anisotropic portion of the hyperfine tensor can
be used to expose features of the » and = electron
distributions: The dominant contributions to the
electron-nuclear coupling are the one-center inter-
action of the nuclear spin with carbon p, and p, elec-
trons and the two center coupling with p, and p,
electrons on oxygen. If we assume that the m-electron
spin densities at the carbonyl carbon and oxygen are
in the same ratio as in formaldehyde,”? and that the
anistropic A tensor elements are determined by the
aforementioned one center terms as computed by
Smith et al.® and two center terms computed for
oxygen Slater orbitals, and that other interactions are
small, then we find the fraction o of m-electron spin
density on the carbonyl to be 0.84<a<1.00. From
these assumptions we conclude also that the n-electron
spin density on oxygen is less than or equal to 0.64
thus confirming the significant #-electron delocalization
predicted by Hoffman and Swenson.!¢

The optical spectrum provides values for the carbonyl
stretch (1170 cm™ for 2C) and for the symmetric
torsional mode (90 cm™ for hy) in the lnr* state.
The frequency of the torsional mode is decreased from
that in the ground state (102 cm™) contrary to expecta-
tions based on model calculations of the potential
curves, but our assignments are necessarily tentative
at this point.

Further optical and ENDOR studies of this system
are in progress and a fuller account of the above results
will be forthcoming.

* This research was supported in part by a Public Health
Grant GM12592, and in part by NSF/MRL.
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Relation of temperature dependence of heavy-atom chemical shifts to absolute values of ¢,

TaoMas H. BRowN AND SHEILA M. ComEN
Department of Chemistry, University of Illinois at Chicago Circle, Chicago, Illinois 60680
(Received 13 September 1972)

For many applications the impossibility of direct
measurement of absolute chemical shifts by the NMR
experiment poses no problems and the determination
of shifts relative to some reference compound is
adequate. On the other hand, for comparison with
theoretical calculations, the conversion of measured
shifts to an absolute scale is of interest. With particular
reference to transition metal atoms, knowledge of the
position of the unshifted resonance! is valuable in
selecting reliable references for estimating Knight
shifts?® and in deducing absolute values for gyro-
magnetic ratios and hence magnetic moments.* In this
Communication, we report on a new procedure for
placing the paramagnetic contribution, ¢,, to measured
shifts on an absolute basis; this method, which exploits
the temperature sensitivity of transition-metal chemical
shifts, further provides the means for deducing relative
values of the diamagnetic contribution, ;.

Heavy-metal chemical shifts, as well as the con-
siderable sensitivity of these shifts to temperature,
are largely determined by ¢, Unfortunately, cobalt
(IIT) complexes appear to be unique amongst transi-
tion-metal compounds in that Co(III) chemical shifts
are linearly proportional through the ¢, term to the
reciprocal of the corresponding crystal-field splittings
A according to the Griffith and Orgel expression.*” Con-
sequently, although the unshifted Co(III) resonance
position can be estimated by extrapolation to that o
value for which 1/A=0, this procedure is not generally
applicable to other transition elements, presumably
because of variations amongst complexes of a given
ion of the product of (1/73)ay, for the valence electrons,
with the so-called orbital-reduction factor.®8

The alternative NMR method based on temperature
dependency measurements, being free of these restric-
‘tions, holds promise of broad applicability. The
essential temperature independence of the diamagnetic

contribution to the total shift has been established.?
It is meaningful to rewrite an expression given by
Benedek® et al. in a form that emphasizes the observa-
tion that the temperature coefficient for the tofal
chemical shift dd/dT, where =04+, and the thermal
average is indicated, is linearly proportional to o, at all
but the lowest temperatures (Fig. 1 insert):

d5/dT = kK (wo, wn) A~ [1— (1/12) (hwo/kT)],

where wp and wy are harmonic oscillator frequencies
in the ground and upper electronic states, respectively,
and K(wo, wy) is a function of wy and wy only. The
expectation is therefore that extrapolation to the o«
value at which the temperature sensitivity of the
chemical shift just vanishes will provide an independent
estimate of o, and consequently establish a relative
scale for og.

Initial results for the %Pt nucleus, shown in Fig. 1,
indicate that temperature dependency of chemical-
shift measurements do provide a useful new tool for
obtaining reasonable experimental estimates of absolute
values of ¢,. The method depends upon the recogni-
tion that all the temperature sensitivity of the chemical
shift resides in the paramagnetic contribution and
that extrapolation to do/dT=0 then establishes the
o,=0 position. Using a reasonable but otherwise
arbitrary reference, one can construct a preliminary
curve, each point of which represents measured do/dT
vs observed chemical shift for a given member of a
series of complexes of the heavy metal. Since both the
do/dT and the slope of this curve are effectively inde-
pendent of the particular reference frequency used,
the extrapolation defines the position of the unshifted
resonance for the series and allows a curve of the type
shown in Fig. 1 to be drawn. For the two isomeric
series considered here, the positions of the unshifted
15Pt resonances are different by an amount that may



