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Abstract—The He(1) PE spectra of the title compounds have been measured and bands attributable to
CC, SiC, NC and CH ionizations identified. In accordance with recent thermochemical studies,
analysis of the spectra in terms of an equivalent orbital (EQ) treatment indicates that adamantane is by
no means strain-free. Manifestations of its steric discomfort include: (i) a splitting of 2 eV between
formally degenerate orbitals localized in the methylene groups, (ii} a similar gap between orbitals
correlating with the tertiary CH bonds, and (iii) a CC level ordering strikingly different from that ex-
pected on the basis of nearest neighbour CC—CC interactions only. These findings are interpreted in
terms of through-space CH--CH and transannular CC---CC interactions. The relevant EQ parameters

are reported.

Adamantane occupies a special position among
saturated carbocyclic hydrocarbons by virtue of its
rigidity and high symmetry. Composed of three
fused cyclohexane rings in their chair conformation,
the molecule exhibits structural features charac-
teristic of the diamond lattice and should therefore
be strain-free. This stability is borne out by the fact
that many saturated hydrocarbons with at least ten
C atoms can be converted to adamantanes upon
treatment with suitable catalysts.!

Attempts to derive a comprehensive interrelation
between the physicochemical properties of ada-
mantane and its structure would undoubtedly
benefit from a knowledge of its photoelectron spec-
trum. It is reported here along with the spectra of
the isoelectronic molecules 1,3,5,7-tetrasilaman-
tane and urotropine, all of T4 symmetry. The spec-
tra have been measured on a Perkin-Elmer PS-16
(adamantane, 25°) or PS-18 instrument (silaman-
tane, urotropine, 58°), using He(I) excitation and
rare gases as calibrants. Adamantane and urotro-
pine have already been studied by Dewar and
Worley? at low resolution on a grid-type spectro-
meter, but no discussion of the spectra was given.
Silamantane, whose synthesis has recently been
described,® was kindly provided by Professor Fritz.

The adamantane spectrum is considered in
greater detail, since it is in several respects the
simplest, exhibiting six distinct bands that are
labelled 1 to 6 in Fig 1. Expanded recordings of the
first four bands revealed no regular vibrational
structure, suggesting that these bands originate
from degenerate MO'’s, with the resulting compli-
cation arising from the Jahn-Teller distortion in the

*Photoelectron spectra of o-bonded molecules, part 4.
tPresent address: Institut fiir Organ. Chemie der Uni-
versitit, Karlstr. 23, D-8000 Miinchen-2.

corresponding ions. The fifth band, however, shows
fine structure which appears to be dominated by
two progressions with frequencies 734 =30 and
1175+ 40 cm™". Based on force field calculations by
Snyder and Schachtschneider,® we assign the first
progression to a skeletal vibration (calculated 759
cm~! for the molecule), the second tentatively to a
CH, scissoring mode (calculated 1453 cm™). Both
are totally symmetric and consequently IR-
inactive;® they have only very recently® been
identified in the laser raman spectrum of adaman-
tane at 756 and 1436 cm™.

Neglecting inner shells, the 56 valence electrons
of adamantane occupy in the ground state 28 MO’s,
of which ten are mainly C(2s) in character and will
occur largely beyond the range of the He(I) experi-
ment. In the neopentane spectrum the first C(2s)
band has been identified® at 17-56eV, so that we
expect the corresponding band in adamantane at
slightly lower energies. On this bases, bands No. 5
and 6 have a clear correlation with C(2s) levels.
After the deconvolution shown in Fig 1, the inte-
grated intensities suggest a ratio of the degeneracy
of the first five bands as 3:5:6:3:1. To arrive at
these figures, we have assumed that the integrated
intensity of a PE band is proportional to the num-
ber of ionizable electrons and inversely proportion-
al to the kinetic energy of the ejected electrons. At
least the second and third bands have thus to ac-
commodate more than one MO. Little can be said
about the degeneracy of the sixth band, for it is too
close to the instrumental cut-off at 21 eV. Under
He(Il) excitation,” this band gains considerably in
intensity, relative to the fifth band, and appears
therefore to be due to ionization from a degenerate
level, as is consistent with the lack of any vibration-
al structure.

The band assignments proposed in Fig 1 are
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Rel orea A; 631 866 788

Bond centre I 975 1-25 13-40
A/2i121-1R) 550 869 100-9
No. of MO's 3-00 474 550
Assignment T, (21,,3e) (1,615}
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The PE spectrum of adamantane, with interpretation. Overlapping bands have been decon-

voluted into their components (see text). The insert shows the 16-96 eV band on an expanded scale.
Symmetry species refer to point group T, and include inner-shell MO’s.

based on (i) an equivalent orbital (EQ) treatment
using parameters deduced in an earlier paper,® and
(ii) the observed energy level trends across the
series of the three molecules. Owing to the high
symmetry of adamantane, an EO approach offers
an attractive alternative to the conventional LCAO
treatment, in that the wave functions of this mole-
cule are largely symmetry-dictated; in consequence
their energies can be expressed in terms of only a
few independent parameters. Basis orbitals (num-
bering scheme: Fig 4) are the 16 CH-EO's of
energy a and the 12 CC-EO’s of energy c. It is
convenient to subdivide the former into the 12
secondary and the four tertiary CH-EQO's.

These three types of EO’s must each be com-
bined to yield semi-localized MO’s which span the
following irreducible representations:

l‘CC=a,+e+tl+212
Feue = ay+e+1t,+2t,

I‘CH =a + [P

The resulting CC, CH, and CH wave functions
along with their orbital energies are collected in
Table 1. In the case of degenerate levels only one
component is given. Some of these MO’s, e.g., the
t:,(CC) levels, are not unique in their symmetry
species; their energies are therefore only approxi-
mate. The o-m notation in Table 1 follows the
usual convention.

If allowance is made for interaction, some of
these semi-localized MQO’s undergo extensive mix-
ing, the extent of which can be gauged from Table 2.
Matrix elements involving the parameters b, d, e
(nearest neighbour CH—CH, CH—CC and CC—
CC interactions) are particularly large,® typically of
the order of —2eV. Those containing the para-
meters w, x (transannular 1-3 and 1-4 CC—CC
interactions) and r, s, ¢, ¢ and v (long range CH—
CC and CH—CH interactions) are smaller by a

Table 1. Semi-localized wave functions and orbital energies of adamantane. The basis EQ’s are defined in
Fig 4, the interaction terms in the text and in refs 9 and 10

Wave functions Energies
a,(0CH) = 1/2 (P13 + b1a+ b1 + d16) a+3v

a(CC) = 1/V12(dir + dig+ dro + Poo + Bo1 + as + oy + by + s + as + oy + beg) c+3e+4w+2x
a(aCH,) = 1/V12(y + dy + g + by + s + ds + b1+ du + by + bio + b1y + b12) a+b+2
e(CC) = 1/\/8(¢11_¢m+¢zo-¢21+d>zs+¢zs_¢z7—¢zx) c—2w—x
e(oCH,) = 1/V8(d,+ b — by — s+ by + 10— 1 — b1z) a+b—t
HCcC) = ]/\/8(¢l7_¢18_¢20+d)11_¢25+d>26_¢27+¢28) c—2e+2w—x
1(mCH,) = 1/V6 (¢, — b, + by — 4 + b5 — bs) a—b—t
B(@CC) ~ 1/V6 (17— trg — g + bys — dhaa + b27) c—e—32w+2x
'z(ﬂ'CHz) = 1/4(¢l—¢!+¢3_¢4_2¢5+2¢8_¢9+¢10+¢11—¢lz) a—b+t
t(cCH) = |/V2(¢11_¢15) a—v

1(0CH,) = 1/V8($; + by — by — by — by — bro + b1y + b12) a+b

L@CC) ~ 1/V22 (17 — dus + 2z — 2ba; + bag — ag — 2bas — thag + har + 2¢bs)

c+2e—12w—x
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Table 2. Matrix elements between the semi-localized CC, CH and CH, orbitals of adamantane defined in Table 1

a,(CC) a(CH)  a,(oCH,) I e(CC) e(ocCH,)
a,(CC) ct3e+4w+2x e(CC) | c—2w—x
a,(CH) V3(d+r) a+3v eoCH,) | 2d—r—s  a+b—t
a(aCH,) | 20d+r+5) 2V3g a+b+2
$,(CC) 1(wCH,)
$H,(CC) c—2e+2w—x
1(mCH,) | 1/V3(r—s) a—b—1t
| u@co W(mCH,)  4(oCH) t(oCHy) 1(mCC)
1,(aCC) c—e—3/2w+2x
,(mCHy) | 4/V6(s—n a—-b+1
b(eCH) | 1/V3(d—3r) 0_ a—v
L(@CH,) | 2/V3d—r—s) V2t 2g a+bh
1,(zCC) 2/Vew 120—5) UVIISd+H  1JV3Rd4r+3) c+2e—1/2w—x

factor of two or three. Some matrix elements vanish
totally or involve differences in parameters which
are of the same sign and of similar size.

Keeping this in mind, the orbital energies listed
in Table 1 form an intelligible pattern from which
the following band assignments can be deduced.

The semi-localized levels t,(wCH,) and 1,(wCHJ)
are seen to be symmetrically displaced from the
reference (a—b) =—14:-1eV by an amount |}
which represents the through-space interaction
between the individual methylene groups. These
two orbitals correlate directly with the neopentane
wCH, levels 31; and 1¢, (band centres in neopen-
tane 15-4 and 12-7eV), and on ionization give rise
to the fourth band and one component (we cannot
say which) of the third band. These orbitals have
been labelled 51, and 1¢, in Fig 1. That their ob-
served splitting (roughly 2 eV) is smaller than in
neopentane (2:7 eV), appears to be associated with
the matrix element 1/V3 (r—s) which mixes
t(mCH,) with the equal-energy MO ¢,(CC). This
interaction is absent in the neopentane case.

From Table 2 we expect that the semi-localized
CH levels (1, and ¢, components) interact strongly
with lower-lying CC orbitals through the matrix
elements 1/V11(5d+r) and V3(d+r), respec-
tively. Neglecting the parameter v for the moment,
this interaction raises their energies from a to
(3a+4c —3d + %e) which can be shown to be very
close to (a — b). Through-space interaction via the
negative parameter v places the t, above the a,
component. Neglecting contributions from #CH,
levels and the higher-lying 7,(CC) orbital (the ma-
trix elements in question are small), the centroid of
the two nominally CH bonding MO’s, which have
been termed 61, and Sa, in Fig 1, is predicted to be
close to that of the two wCH, levels already
identified in the spectrum. Since the C(2s) levels in
adamantane are expected to spread more than in

neopentane, the assignment of the 16-96eV band
to the highest C(2s) level 44, is beyond reasonable
doubt. This is further supported by the observed
excitation of a skeletal and CH, scissoring mode,
and the dominance of the 0-0 vibrational com-
ponent: from Table | it is seen that 44, is essentially
the minus linear combination of a,(CC) and
a,(cCH3), so that this MO classifies as only weakly
bonding. The CH level 5a, has consequently to be
correlated with the fourth band, which gives
v ~—0-4eV, so that 6¢, is predicted to have an
energy of ca. —13-7eV. It appears therefore
reasonable to assign this MO to the second com-
ponent of the third band, with vertical IP of ca.
13-4eV.

Since all high-energy CH: and CH levels have
already been accounted for in the spectrum, the
first and second bands can only arisz from CC
MQ’s. This is confirmed by the fact that the CC
level 44, in neopentane ionizes in the same spectral
region, i.e., at 11-3eV. According to Table 1 the
only possible candidates are the r,, the ¢ and one
component of the ¢, CC levels. From the spectrum
it appears that the ¢ level coincides with one of the
t MO’s. This suggests that the CC level ordering in
adamantane is not that dictated by the nearest
neighbour CC—CC interaction only as this would
give rise to three equidistant levels of order ¢, > 1,
> e. We therefore conclude that the transannular
(through-space) interaction between the individual
CC bonds has to be included into the bonding
scheme. In order to extract the hitherto unknown
parameters w and x from the spectrum, we dia-
gonzlized the EQ matrices for the 7, £, and e levels,
taking into account all matrix elements and using
trial values for w and x. As expected, both para-
meters turned out to be negative (w =~ —1-1eV;
x = —0-1eV), and the resulting orbital sequence
was f, > f, = e, that is, different from that dictated
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by the parameter e alone. This level reversal is
clearly associated with the fact that the nearest
neighbour and transannular CC interactions op-
pose each other in t,, whereas they work in the
same direction in /..

Thus the whole of the adamantane spectrum is
qualitatively understood, except that the relative
order of the closely spaced levels (21,, 3e), (11, 615
and (51,, 5a,) is still open to dispute. It is hoped that
an ab-initio calculation, which is in progress in our
laboratory, will shed some light on this problem.

The strongest evidence for the correctness of
our bonding scheme comes from the silamantane
spectrum (Fig 2), the essential features of which are
readily understood on the basis of the larger SiC
distance and the smaller electronegativity of Si.

In analogy with adamantane the shoulder at 9-7
eV is assigned to a ¢4SiC) ionization, the broad
feature extending from 10 to 11-6 eV to unresolved
£(SiC) and e(SiC) ionization. The reduction in
splitting and the trend to lower IP's are due to
diminished nearest neighbour and transannular
SiC—SiC interactions and the higher self-energy of
the SiC bond. As was the case in adamantane, the
band due to ¢, and e ionization has the same IP as
the ¢; band in the corresponding reference mole-
cule, tetramethylsilane. !

From its position (¢f'? SiH)) and intensity, the
next band at 12 eV can only arise from the ¢, com-
ponent of the principally SiH bonding orbitals.
Since the t/a, splitting is expected to be smaller
than in adamantane, ionization from the ¢, compon-
ent should occur somewhere between 14and 15 eV,
The weak band at 15-5 eV would then be analogous
to the 16-96 eV band in adamantane.

Similarly the assignment of the remaining bands
at 13-1 and 14-4eV to the 7CH, levels ¢, and ¢, is
straightforward. The reduced separation of these
bands reflects again the diminished through-space
interactions between the methylene groups. It is
remarkable, however, that the centre of these bands

(51, 6e)

141,
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is found at 13-7,eV rather than at ca 14-1eV as in
adamantane, This shift to lower IP’'s could be due
to an inductive effect or to weaker interaction be-
tween the semi-localized MO’s (CC) and

f ol & | : :

#,{(mCHg.). The former explanation is preferred as a
similar shift has been observed on passing from
neopentane to tetramethylsilane.

To summarize, there exists a close one-to-one
correspondence between the bands of the two
molecules, except that the two components of the
third adamantane band are well resolved in the
silamantane spectrum, due to the different self-
energies of the CH and SiH bonds. The band as-
signments set out in Fig 2 receive further support
from a study'® of the PE spectra of silamantanes
bearing fluore, chloro and methy! substituents in
positions 1,3, 5and 7.

An assignment of the urotropine spectrum shown
in Fig 3 may be advanced along similar lines. The
unique feature of this molecule is of course the
presence of four tetrahedrally arranged nitrogen
lone-pairs which replace the tertiary CH bonds in
adamantane. The first PE band is readily identified
as the ¢, lone-pair combination on account of its
position (¢f first vertical IP of NMe;: 8-5eV),
relative intensity, lack of vibrational structure and
symmetrical Franck-Condon envelope. There is
then a large gap between this band and the broad,
unresolved feature commencing at 11-8 eV, indi-
cating that the t/a, lone-pair splitting amounts to at
least 3-6eV. This suggests that the through-space
interaction via the parameter v is enhanced by
coupling with the CN bonds through the matrix
element 1/V3(d—3r).

Owing to the higher electronegativity of N com-
pared to C, the CN bonds ionize at similar energies
as t,(mCHj). Thus, whereas the assignment of the
shoulder at 16-4 eV to 1,{wCHJ) is beyond reason-
able doubt, the true nature of the peak at 15-6eV is
uncertain. This could arise either from #,(wCH,), in
which case the through-space effect between the

8 0 12 14

Fig2. The PE spectrum of silamantane, with interpretation.
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Fig3. The PE spectrum of urotropine, with interpretation.

Fig 4. Molecular topography and numbering scheme for
the basis EQ’s in adamantane.

methylene groups would be grossly reduced rela-
tive to the adamantane case, or from #,(CN). Both
alternatives imply substantial interaction between
the semi-localized ¢, MO’s. The ordering of the
levels relating to the second band is even more
doubtful.

Despite these reservations some noteworthy
features were brought up in the present study which
deserve comment.

First, the experimental finding that the through-
space and transannular parameters ¢, v, w and x are
sizable and negative in adamantane and urotropine,
is a clear manifestation of their steric discomfort
and leads us to conclude that they are by no means
strain-free, despite the fact that they are devoid of
eclipsed conformations, short H---H contacts and
angles deviating from 109-5°. In terms of a one-
electron scheme which includes overlap, inter-
action between formally degenerate, fully occupied
orbitals should increase the total energy of the
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system (“closed-shell repulsion™; cf the case of
two approaching He atoms). In an SCF theory,
such a generalization is of course not possible
because the total energy is not identical with the
sum of the one-electron orbital energies. Exper-
ience shows, however, that these two quantities
exhibit a high degree of proportionality within a
series of closely related molecules, e.g., the para-
flins. It is therefore interesting that a recent and
highly refined determination of the heat of com-
bustion of adamantane has been interpreted in
terms of a strain energy of 6-5kcal/mole;* this
figure exceeds previous estimates by a factor of
three or four. In addition, the latest and probably
most accurate electron diffraction study '* indicated
that the CC bond length in adamantane comes
quite close to that found in diamond (1-5445 A); it
is thus significantly longer than that observed in
ethane or propane.

Secondly, comparison of Figs 1 and 2 demon-
strates that replacing the CC bonds in a given
hydrocarbon by SiC bonds in such a way that the
molecular symmetry is retained, results in a strik-
ingly simplified PE spectrum: bands correlating
with SiC orbitals suffer an indiscriminate shift to
lower 1P’s, whereas CH ionizations are hardly
perturbed. Furthermore, owing to the larger SiC
bond length compared to CC, through-space and
transannular interactions, which frequently ob-
scure the spectra of hydrocarbons, are diminished
by a factor of two or three. The overall effect of
silicon substitution is thus to separate CC and CH
levels without introducing additional orbitals as is
the case with fluorine. This feature has been
successfully utilized at several occasions by us
(e.g..,’®'), and it may prove useful in other situa-
tions too.

Thirdly, the present work which unequivocally
identifies the first band in the adamantane spectrum
as arising from a CC level, adduces further evi-



2134

dence that this holds also in linear, branched and
cyclic aliphatic hydrocarbons, including ethane.
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