(1.14 eV) than was found (with more limited basis sets)
for 7 ionization of benzene® (0.4 eV) or pyridine®
(0.6 eV). We therefore expect that = excitation to
low-lying states in these (and other) larger m-electron
systems will cause ¢ rearrangement of relatively less
importance than the already small amount found in
ethylene. This will then mean that one can indeed use
the fixed core, w-electron approximation as a quanti-
tatively accurate quantum chemical method for such
problems (this is implicit in previous work!*1%). It
would be most interesting to see accurate ab initio
calculations for larger = systems (e.g., naphthalene)
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using the procedures we used for ethylene: it may be
that for such large systems even 7 excitation to Rydberg
states or 7 ionization would be moderately well repre-
sented with the fixed o-core restriction.
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Abstract:

The high-resolution He(I) and He(II) photoelectron spectra of the isoelectronic molecules C.H, and

B.H; are compared with each other and the results of near-Hartree-Fock calculations of their spectra using Koop-
mans’ theorem. The agreement with experiment for the first six bands observed for each compound is very good,
and lends considerable support to Pitzer’s idea that the electronic structure of diborane is derived directly from that

of ethylene, but with the 1b,, # MO shifted below the first three ¢ MO’s.

The relevance of the photoelectron

spectra of these molecules to their optical spectra is also demonstrated.

In the last 5 years, two techniques of electronic

structure analysis, molecular SCF calculations using
gaussian-type orbitals (GTO’s) and high-resolution
photoelectron spectroscopy, have proved to be of ever-
increasing importance, especially when used in concert.
In this study, these techniques are applied to the ethylene
and diborane molecules, in an effort to trace experi-
mentally and theoretically the correlation between the
various orbitals of these two isoelectronic systems. A
large number of calculations of the electronic structure
of ethylene have already appeared,? of course, and the
photoelectron spectrum up to 21 eV has been recorded
and interpreted in terms of the latest of these calcula-
tions.? To this, we add the He(II) spectrum of ethylene,
and the He(I) spectrum of ethylene-d,. Nearly as much
effort has been expended on theoretical work on di-
borane,* and to this we add a somewhat improved cal-
culation, and the He(I) and He(II) photoelectron spec-
tra.

(1) (a) Bell Telephone Laboratories; (b) Ford Motor Company;
(¢) Rutgers University.

(2) See, for example, M. B. Robin, H. Basch, N. A. Kuebler, B. E.
Kaplan, and J. Meinwald, J. Chem. Phys., 48, 5037 (1968); or A. J.
Merer and R, S. Mulliken, Chem. Rev., 69, 639 (1969).

(3) A. D. Baker, C. Baker, C. R, Brundle, and D. W, Turner, Int. J.
Mass Spectrom. Ion Phys., 1, 285 (1968).

(4) See, for example, G. W. Adamson and J. W. Linnett, J. Chem.
Soc., A, 1697 (1969); L. Burnelle and J. J. Kaufman, J. Chem, Phys., 43,
3540 (1965); R. J. Buenker, S. D, Peyerimhoff, L. C. Allen, and J. L.

Whitten, ibid., 45, 2835 (1966); F. P. Boer, M. D. Newton, and W, N.
Lipscomb, J, Amer. Chem. Soc., 88, 2361 (1966).

Photoelectron spectra were recorded using a high-res-
olution, 127° spectrometer,® having a dc capillary dis-
charge lamp operated to maximize the intensities of
either the He(I) (21.21 eV) or the He(II) (40.8 eV) reso-
nance line. Under the best conditions, the He(Il) line
is no more than !/;, as intense as that of He(I). Molec-
ular orbital energies of ethylene and diborane in their
established ground state geometries were calculated
using the POLYATOM programs. The boron and carbon
atom basic sets used here are those given in ref 6, except
that the seven-term p set was split 5,2 rather than 4,3 as
done in that reference. The hydrogen Is orbital is a
five-term fit to a Slater orbital having an exponent of
(1.8)27 OQur past experience with such calculations
strongly supports the idea that trustworthy estimates of
valence shell ionization potentials can be obtained by
empirically multiplying the Koopmans’ theorem values
by 0.92 for first row elements; the theoretical IP’s re-
ported here have been so treated. The total energies
computed for ethylene and diborane were —78.0188 and
—52.7758 au.

The experimental He(II) spectra and the theoretical
IP’s are compared in Figure 1, and the He(I) spectra
showing the IP’s up to 21 eV at a higher resolution are
given in Figure 2. The lower resolution of the He(II)

(5) D. W. Turner, Proc. Roy. Soc., Ser. A, 307, 15 (1968).
(6) S. Huzinaga and Y. Sakai, J. Chem. Phys., 50, 1374 (1969).
(7) S. Huzinaga, ibid., 42, 1293 (1965).
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Figure 2. The He(I) photoelectron spectra of ethylene and di-
borane.

spectra results in large part from the necessity of using
wider analyzer slit widths with the less intense He(II)
excitation. Figure 1 illustrates the usual good agree-
ment obtained between calculated and experimental
IP’s, with the correlation between the orbitals of the two
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Comparison of the He(II) photoelectron spectra of ethylene and diborane with those calculated using Koopmans’ theorem

molecules being perfectly straightforward except for one
level, the 1by,, MO. Qualitatively, the correlation can
be understood if one first imagines a proton pulled from
each of the carbon atoms of ethylene, and taken to
infinity. The carbons thereby become boron atoms,
and because of their lower nuclear charge, all occu-
pied MO’s are moved upward. The protons are then
returned to the dinegative ion, but are inserted into
the double bond, thus forming diborane and preferen-
tially stabilizing the # MO, 1b,,. Looked at in this way,
one sees that all of the MO’s of diborane are higher in
energy than the corresponding MO’s of ethylene, except
for the = orbital, which is lower. Pitzer’s earlier idea
that diborane is like ethylene, but with a protonated
double bond,®seems fully substantiated by these calcula-
tions, provided one recognizes that the = MO in di-
borane is the fourth-highest filled MO, rather than the
highest, asitisin ethylene. Experimental verification of
the simple idea quoted above is found in the good agree-
ment, band for band, with the observed photoelectron
spectra.

Unlike ethylene, only two of the bands of diborane
show vibrational structure, Figure 2. The first, with
adiabatic and vertical IP’s of 11.38 and 11.81 eV, re-
spectively, displays six members of a progression with a
characteristic spacing of 850 cm~!.  This is most readily
assigned to the totally symmetric HBH angle deforma-
tion »3’/, which has a frequency of 1180 cm~! in the neu-
tral molecule.® The corresponding band at 12.5 eV in
ethylene also shows evidence of excitation of the »;’

(8) K. S. Pitzer, J. Amer. Chem. Soc., 67, 1126 (1945).
(9) W. J. Lehmann, J. F. Ditter, and I. Shapiro, J. Chem. Phys., 29,
1248 (1958).



vibration (among others), the value being 800 cm~! in
the ion.? Excitation of the »;” motion in this state of
the ion is consistent with the MO population analysis,
which shows the 1b,, orbital in diborane to involve the
2p orbitals on boron and only the terminal hydrogen
atoms.

Koski, ez al.," have studied the fragmentation of di-
borane under electron impact and have obtained values
for the first IP, and appearance potentials of various
fragments. In general, one expects such values to be
up to 1 eV too high. Thus, they give 11.9 eV as both
the first IP (0.5 eV too high) and the appearance poten-
tial of the B,H;* fragment. Perhaps the appearance
potential is also high by 0.5 eV, but it is striking that
this value very nearly coincides with that position where
the vibrational structure breaks off in the lb,, photo-
electron band (inset, Figure 2) indicating a possible
dissociative process in this region. In addition to
those for B;Hst and B;H;*, the threshold for B.H.*
formation (12.3 eV) is also found within the 1b,, photo-
electron band envelope. For comparison, the corre-
sponding ions C;H,t, C;H;*, and C,H,* also have
thresholds within the 1b,, band of ethylene.!!

The second structured band in diborane, 2b,,, at 16.06
eV shows four members of a 2250-cm~! progression,
which we assign to the totally symmetric B-Hiermina
stretch, »’ (2524 cm™! in the neutral molecule). As
expected, the 2b,, band of ethylene at about 19 eV also
shows evidence of the symmetric C-H stretch (»’
~2500 cm™!, »’’ 3019 ecm~?). Both of the 2b,, orbi-
tals are largely 2s on the heavy atoms with smaller 2p
and terminal hydrogen atom contributions.

One last feature of note in the photoelectron spectra
are the relative intensities in the He(I) and He(II) spec-
tra. As is readily seen by comparing Figures 1 and 2,
the most prominent intensity effect in diborane is the
relative fourfold increase in the intensity of the ioniza-
tion from the 2b,,, MO, on changing the excitation from
He() to He(II). An identical effect is apparently
evident for the 2b,, band of ethylene, but the interpreta-
tion is complicated by the discrimination of our analyzer
against the slow photoelectrons released in the He(I)
spectrum. The significance of these intensity changes
is not at all clear, but in this case, they lend support to
our supposition that the bands at 19 eV in ethylene and
16 eV in diborane are closely related.

Finally, we wish to discuss several features of the op-
tical spectra of these molecules, and how they relate to
the photoelectron spectra. Merer and Mulliken? have
pointed out the close similarity of the spacing and in-
tensities of the more prominent vibronic lines in the
Ib,, photoelectron band of ethylene, and that of the
m — 3s Rydberg transition in the optical spectrum.
There are also evident in the optical spectrum certain
poorly resolved lines in the = — 3s region, which Wilkin-
son and Mulliken'? have called the d bands, and tenta-
tively assigned as part of the = — 3s transition. These
d bands would then result from the excitation of 4y,’,
the v,/ motion being very anharmonic. Because the d
bands are much better resolved in the optical spectrum
of ethylene-d,, we have investigated the 1b,, photoelec-

(10) W. S. Koski, J. J. Kaufman, C, F. Pachuki, and F. J. Shipko,
J. Amer, Chem. Soc., 80, 3202 (1958).

(11) W. A, Chupka, J. Berkowitz, and K. M. A, Refaey, J, Chem.
Phys., 50, 1938 (1969).

(12) P. G. Wilkinson and R. S. Mulliken, ibid., 23, 1895 (1955).
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tron band of this molecule, and indeed we find the d
bands are present in their expected positions. This
adds further weight!? to the assignment of the d bands
as part of the = — 3s Rydberg envelope.

The question of the location of ¢ — =* transitions in
ethylene is one of current interest, and relates directly
to the optical spectrum of diborane. In ethylene, the
weak o — * transitions are undoubtedly covered by
the much stronger = — =* band. However, in di-
borane, we have seen that the originating = MO is con-
siderably depressed with respect to the uppermost ¢
levels, so that one would expect the ¢ — #* transitions
of diborane to fall at much lower energies than the = —
7*. Our virtual orbital calculations of the diborane
optical spectrum place the first three ¢ — #* transitions
(1byg, 3a,, 1by, — 1by) at 8.55, 9.66, and 10.33 eV, re-
spectively, whereas the # — #* band (1by, — 1by) is
predicted to come at 11.86eV. The first three bands are
forbidden by symmetry, and the = — =* has a predicted
mixed oscillator strength'4 of 0.516. In the same ap-
proximation, the # — =* band of ethylene has a mixed
oscillator strength of 0.48. Experimentally,!® a very
weak band is observed in diborane at 6.8 eV, which we
assign to the lowest ¢ — =* transition, 1b,, —1b,,, and
two very strong bands appear at 9.2 and 10.3 eV, each
about 1.3 times as strong as the = — =* of ethylene.
The lower of these is probably the = — #* band of di-
borane (1b,, — 1by), and the higher, the strongly al-
lowed 3a, — 3b,,, ¢ — ¢* band.

Since completing this work, it has come to our notice
that two other photoelectron studies have been carried
out on diborane. One of these!® involves work done
on a commercial instrument' of essentially similar
design and resolution capabilities to our instrument.
A helium(I) source only was available and so IP’s above
21.21 eV could not be detected. Both B;Hg and B,Dg
were studied and the results and interpretation of the
electronic structure are in agreement with our work.

The second study'® was performed using a retarding
field system for electron energy analysis. The spectrum
produced using such an instrument should be the
integral of our spectrum. The results and the authors’
interpretation are not in agreement with ours. The
first point to be made is that though a resolution of 10
meV f.w.h.m. is claimed for an electron of about 5-eV

Table I. Ionization Potentials of B:Hj,

Adiabatic Vertical Calcula-

IP, eV* IP, eV Orbital tion®

11.38 = 0.01 11.81 = 0.01 1bag 11.6

<12.7 13.3 ag 12.9

<13.6 139 = 0.1 1bsu 13.4

<14.5 14.7 + 0.1 1by 13.8

16.06 = 0.01 16.06 = 0.01 2byy 16.0

20.2 = 0.1 214 = 0.1 20g 22.3

= Measured to the center of the lowest vibrational component
where possible, otherwise to the estimated start of the band. 0.92
of the Koopmans’ theorem values.

(13) A.J. Merer and L. Schoonveld, ibid., 48, 522 (1968).

(14) A. E. Hansen, Mol. Phys., 13, 425 (1967).

(15) E. Blum and G. Herzberg, J. Phys. Chem., 41, 91 (1937); W. C.
Price, J. Chem. Phys., 15, 614 (1947); 16, 894 (1948).

(16) D. R. Lloyd, Proc. Roy. Soc., in press.

(17) Perkin-Elmer Ltd., England.

(18) T. Rose, R. Frey, and B, Brehm, Chem. Commun., 1518 (1969).
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energy (electron ejected from argon by He(l)), there is
no sign of any of the clear vibrational structure observed
on the first and fourth bands in our spectrum, where a
resolution of only 20 meV is employed.

The second point to note is that on the basis of two
sharp steps observed in their spectrum (quoted as 12.728
+ 0.001 eV and 12.803 = 0.005 eV) the authors
reverse the assignment of the 3,; and Iby, orbitals (34
and lby, in their notation). These two sharp peaks are
not observed in our spectrum, the second vertical IP

Circular Dichroism of Nucleoside Derivatives.

being 13.3 eV (see Table I), and it is believed ** that they
are due to an HCl impurity (first IP 12.74 = 0.01 eV and
12.82 = 0.01 eV; a spin-orbit doublet®). Besides
removing any reason for reversing the orbital assign-
ment this also implies that their error limits must be
> =0.002 eV on the first HCI peak, not £0.001 eV, and
>0.007 eV on the second peak, not =0.005 eV.

(19) D. W. Turner, private communication,
(20) H.J. Lempka, T. R, Passmore, and W. C, Price, Proc. Roy. Soc.,
Ser. A, 304, 53 (1968).
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Abstract:

A method of calculating rotational strengths by a bond-bond coupled oscillatory theory is described.

The technique is applied to a variety of specially chosen molecules to check the theory at various levels of approxi-

mation.

Good agreement with experiment, particularly in the case of the cyclonucleosides, suggests that coupled
oscillator theory accounts for most of the observed optical activity in the pyrimidine nucleosides.

The calculation

is particularly useful for structure determination because of its simplicity and complete dependency on bond

orientations within a molecule.

In a recent survey! on ORD and CD of aromatic
compounds it was noted that very few of the
theoretical aspects of Cotton effects attributed to elec-
tronic transitions in symmetric aromatic chromophores
bonded to an array of chemical groups with transitions
in the far-uv region have been investigated. While
it is generally accepted that the Rosenfeld equation?
gives the correct quantum mechanical result for the
optical rotatory dispersion of any optically active
molecule and the theories of Condon, Altar, and
Eyring?® and of Kirkwood* provide expressions govern-
ing the relationship between optical rotatory strengths
and chemical structure, the extension of these theories
to more complex chromophores remains to be con-
ceived. Some progress along these lines has been made
recently by several investigators employing the one-
electron theory of optical rotation. Caldwell and
Eyring® have calculated the sodium D-line optical rota-
tion of I-methylindan. More recently, Moscowitz®
has employed qualitative one-electron concepts to
explain the enhancement of the 'L, Cotton effect when
the benzene ring is substituted with oxygen or nitrogen.
Kuriyama, er al,” and DeAngelis® have published

(1) P. Crabbe and W, Klyne, Tetrahedron, 23, 3449 (1967).

(2) L. Rosenfeld, Z. Phys., 52, 161 (1928).

19(327)]5. U. Condon, W, Altar, and H. Eyring, J. Chem. Phys., 5, 753
( (4) 1. G. Kirkwood, ibid., 5, 479 (1937),

19(21)11 J. Caldwell and H. Eyring, Ann. Rev, Phys. Chem., 15, 281
¢ (6) A Moscowitz, A. Rosenberg, and A. E. Hansen, J. Amer.
Chem., 87, 18183 (1965).

(7) K. Kuriyama, T. Iwata, M, Moriyama, K. Kotera, Y. Hanada,
R. Mitsui, and K, Takeda, J. Chem. Soc., B, 46 (1967).

(8) G. G. DeAngelis, Ph.D, Thesis, Iowa State University, Ames,
Iowa, 1966.

Journal of the American Chemical Society [ 92:13 [ July 1, 1970

quadrant rules for predicting the absolute configuration
of aromatic compounds based on symmetry rules that
arise in the one-electron theory.

Nevertheless, there is some evidence that the coupled
oscillator mechanism can make significant contribu-
tions to these Cotton effects. Hoéhn and Weigang
have demonstrated that “dynamic coupling” terms can
be dominant in appropriate ketone molecules.® In
previous papers of this series,!? the m—x* nature of the
absorption spectra of the ribonucleosides (and some
300 closely related derivatives) has been established in
the 190-300-nm range. To assign absolute configura-
tions to these molecules, resort has been made to the
Kirkwood-Tinco!! polarizability expression for the
rotational strength. This treatment utilizes bond
polarizabilities to bring in the effects of the vicinal
group upon the planar chromophore. The chromo-
phore electronic transition moment was either calculated
from simple LCAO MO theory or obtained from
experimental data. This moment was then coupled
to each bond of the vicinal group via a dipole-dipole
interaction potential. The magnitudes of the calculated
rotational strengths were sufficiently large to encourage
further pursuit of a coupled oscillator interpretation
of the CD data.

In the present communication we give an improved
scheme to obtain coupled oscillator rotational strengths
of nucleosides, as well as all other molecules containing

(9) E. G. Hohn and O. E. Weigang, Jr., J. Chem. Phys., 48, 1127
(19(?8' D. W. Miles, M. J, Robins, R. K. Robins, S. F. Hahn, and H.
Eyring, J. Phys. Chem., 72, 1483 (1968); D. W, Miles, R. K. Robins,

and H. Eyring, ibid,, 71, 3931 (1967).
(11) 1. Tinoco, Advan, Chem. Phys., 4, 113 (1962).



