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We suggest that the ground-state distortion of MCl," is elim-
inated in the excited state. The stabilization of the C,, butterfly
structure is essentially lost in the a’,* — b/, *, a’|*, b',* sp excited
state (Figure 3) which rearranges toward a symmetrical tetra-
hedral geometry. This structural change now explains easily the
immense Stokes shift of MCI,".

An analogous approach has been used before in solid-state
physics. Blasse and his group have shown that s? ions which are
doped into host lattices may also show large Stokes shifts if the
ions occupy off-center positions in large interstices since these s?
ions can move toward the center in the sp excited state.}
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The search of an ideal host for the formation and detection of
trapped electrons in organic single crystals has lead us to a large
family of clathrate hydrates containing peralkylammonium hy-
droxide guests. The presence of trapped electrons has been de-
tected by pulse radiolysis at room temperature in a large number
of the clathrates.!?

Two compounds were chosen for this initial study of electron
stabilization: tetramethylammonium hydroxide pentahydrate,
(CH;),;N*OH™5H,0, mp 335 K (TMNOH, I), and tetra-n-bu-
tylammonium hydroxide hydrate, (C4Ho),N*OH™31H,0, mp 303
K (TBNOH, II). This selection was made because the crystal
structure for both hydrates has been determined,** the melting
points are above ambient temperature, and because the amount
of water in the stoichiometric compounds is large, about 50% by
weight in | and 68% in II; therefore, the radiolytic behavior of
these hydrates can be compared to the well-known results for other
forms of water (ice, liquid, and glass).

Compound 11 has the typical crystal structure of most per-
alkylammonium hydrates based on the pentagonal dodecahedral
unit. Compound I is unique among the peralkylammonium hy-
drates, in that its structure is based on a truncated octahedron
and is shown in Figure 1.%° The distances between the nitrogen
(N) in the center and the oxygen atoms of the cage range from
;:30 (to O1) t0 4.97 A (to 02), and the average is 4.61 £ 0.16

.Exciling results have been reported recently on some clathrates,
using '2Xe NMRS and gas-phase mass spectroscopic techniques.”
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Figure 1. A distorted truncated octahedron containing the (CH;)4sN* ion
in the tetramethylammonium hydroxide clathrate. The three disordered
CHj; groups are represented by the torus and the hydrogen atoms are
omitted (redrawn from ref 4).
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Figure 2. X-band ESR spectra at 77 K of X-irradiated TMNOH
clathrate hydrate: (A) immediately after irradiation, (B) after optical
bleaching, and (C)—(E), after 3 min annealing at the indicated temper-
atures. In (B) the signals assigned to the methyl and N-CHj" radicals
are shown by (A) and (O), respectively.

The renewed interest in the clathrate hydrates is expected to
increase our understanding of this ubiquitous class of compounds.

Crystalline TMNOH and TBNOH were purchased from Fluka.
X-irradiations were done for 30-60 min at 77 K in the dark. All
ESR measurements were done at 77 K with a Bruker 200D
spectrometer operating at 9.7 GHz with 100 kHz modulation,
using a low microwave power to prevent saturation of the signal
from trapped electrons. Optical bleaching of the irradiated
samples was accomplished with a slide projector.

Both TMNOH and TBNOH became intensely blue after
X-irradiation in the dark, indicating the presence of trapped
electrons. The blue color disappears by optical bleaching.

X-band ESR spectra of irradiated TMNOH clathrate at 77
K are given in Figure 2A-E. Bleaching of the central part of the
spectrum is accompanied by resolution enhancement of the re-
maining signals, as seen in Figure 2B. The spectrum in Figure
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2B appears to consist of two radical species. A quartet with a
proton splitting of 23 G (triangles in Figure 2) suggests the
presence of the methyl radical; a triplet with two almost equivalent
protons and a splitting of 24 G (circles) suggests the fragment
N-CH,*. The lines from the triplet are broader than for the
quartet, suggesting an additional small splitting of <5 G, possibly
from the !N nucleus. Both spectra are centered at g = 2.0022,
as expected for organic radicals. An approximate ESR spectrum
from the trapped electron, obtained by subtracting 2B from 2A,
has a peak-to-peak line width of ~12 G and is centered at g =
2.0008.

After bleaching the sample was annealed for 3 min at a given
temperature, followed by measurement at 77 K, as shown in Figure
2C-E. The most dramatic change is seen in Figure 2D: After
annealing at 150 K, the original spectrum given in Figure 2A is
recovered and includes the bleachable central signal assigned to
the trapped electron. The reappearance of this signal is accom-
panied by a blue coloration of the sample, thus providing additional
proof for the return of the trapped electron. Further annealing
leads to decay of all signals; above 220 K no signals are detected.
The main features observed for the TMNOH hydrate clathrate
are also detected for X-irradiated TBNOH.? In both hydrates
the improved resolution of the spectra after optical bleaching
suggests that the trapped electron and the alkyl radicals interact
by magnetic dipole—dipole interaction, which causes line broad-
ening. It is possible that the alkyl radicals and the electrons are
trapped in the same cavity and are the result of the same radiolytic
event. This conclusion is logical, in view of the crystal structure
given in Figure 1: The cage diameter is about 9.2 A, large enough
to accommodate the electron and an alkyl radical.

The great stability of the trapped electrons, to about 200 K,
and the return of the signal from trapped electrons after optical
bleaching and annealing to =150 K are the most significant
observations deduced in the present study. It is likely that the
unusual stability of the electrons is due to their trapping in the
vicinity of the peralkylammonium cation, which has a high re-
duction potential and is therefore a poor electron scavenger.'®

Symons et al. proposed a mechanism for the reappearance of
the electrons: The electrons disappear on photobleaching due to
reaction with O™ to produce OH™ and reappear by reaction of H
atoms with OH-? Because we have not detected either O™ or
its acid form the OH radical in our system, we must seek an
alternative explanation for the reappearance of the electrons. We
propose that the diamagnetic species formed by optical bleaching
is the electron pair €27, which dissociates around ~150 K and
releases the trapped electron.

The existence of trapped electron pairs is well-documented
experimentally and theoretically in ionic crystals;'® in irradiated
6 M NaOH glasses, the disappearance of the signal from trapped
electrons for a high irradiation dose was explained by the formation
of the dielectron.!*"'3 Evidence for the trapping of electron pairs
has also been obtained in a polycrystalline K* (cryptand[2.2.2])
electride.!!5 The vacancy size in the cryptand is =300 A3, similar
to the cage size in the TMNOH hydrate, which is ~400 A3. The
cavity size appears to be important for the stability and reactivity
of the electrons and of the electron pairs.

To the best of our knowledge we have reported here the first
evidence for trapped electron pairs in polycrystalline hydrate
clathrates. Further studies are in progress, in order to characterize
in greater detail the electron site, the interaction between the
radicals produced by irradiation, the stability of the electron pairs,
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and the conductivity at low temperatures.
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One of the interests in non-Kekule molecules! is to elucidate
a relation between topological property of w-conjugation and
ground-state spin multiplicity. For example, tetramethyleneethane
(TME, 1) is predicted to be a singlet ground state according to
a classical formalism of S = (n*-n°)/2.2 Ab initio calculations
also confirm that the singlet state of 1 is slightly below the triplet
state at any conformation about the central allyl-allyl bond.?
However, conflict between theory and experiment is claimed by
Dowd that the triplet is the ground state of both 1 and 2,3-di-
methylenecyclohexa-1,3-diene based on ESR experiments.**
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