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MOLECULAR ORBITALS TO ELECTRONIC TRANSITIONS IN CS2

A. Molecular Orbitals of Carbon Disulfide

Carbon disulfide molecule in the ground state is linear as shown in Fig.1

Fig. 1. Coordinate system for the ground stste of the CS, molecule.
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This linear molecule is belong to symmetry group D,,,. There are 16 valence
electrons, 6 on (3s)?(3p)* from each sulfur atom and 4 on (2s)°(2p)? from the
carbon atom. These carbon orbitals and linear combinations of sulfur orbitals can
be characterized to the ¢ and = orbitals according to the symmetry operations in
D,,,. This is summarized in Table I. The molecular orbitals of CS, molecule are
then, constructed by linear combinations of these atomic orbitals. This procedure is

called as LCAO and LCMO, and is illustrated in Fig. 2.

Table [. Atomic orbitals for the carbon and sulfur atoms.
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Fig. 2. Bonding scheme for CS; molecule.
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The highest occupied molecular orbital is 17, and the lowest unoccupied molecular
orbital is 27,. Low lying electronic transition in CS, is due to an excitation of the
electron from 17, to 27, and is often called 7-7" transition. Because of nonbonding

character in the 7 orbital, this m-r  transition in CS; is not very different from a
n-m transition.

All the m-bonding characters in the ground state is due to 1m, orbital, which is
filled. Since the bending of the molecule should result in distruction of these -
bondings, the CS, molecule should prefers a linear structure in its ground state.
However, it is only true when molecules are well isolated from the neighboring
molecules and when they are in the ground state; it is not necessarily true if an

electron is excited into the anti-bonding m, orbital (an excited state structure) and



if the inter-molecular overlap becomes important (This could be a case of the

condensed phase under high pressure).

B. Electronic Transitions

Consider a transition due to the electron transfering from 17, to 27, orbital.
This is then, a transition from the state with electronic configuration ('ﬁ'g)4 to that
with (wg)3(7ru)l. By a direct combination of symmetry operators for these orbitals,
the the electronic states, 129"" for the ground state, 'A,, IEH%, 1y,~ for the
singlet excited states, and *Z, %, *A,, 3%, for the triplet excited states, can be

derived for the linear structure of CS; molecule.

Transitions to the triplet states are strictly forbidden by a spin selection rule
(s-/-t, s—s, t—t). A transition to the 1,7 is also forbidden by a parity selection rule
(+--+, +-/- -) which is often called as “Lapotte rule”). A transition to the 'A, is
also forbidden by an angular momentum selection rule (Al=0 in a linear molecule).
Therefore, only a transition to !Z,™ is fully allowed. This is the band centered at
near 210 nm, with the extinction coefficient above 4000 cm~Ymol™! which is a
typical m-m" transition. However, the selection rule in the bent configuration is

quite different.

Suppose the bent CS, structure as Fig. 3.

Fig. 3. Bent CS, structure. The CS, molecule lies in the y-z plane.
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This molecule is then, belong to C3, symmetry and its electronic state should be
changed. Nevertherless, the electronic states in the bent configuration can be
correlated to those in the linear configuration based on the symmetry argument,
because the group symmetry Cg, is a subgroup symmetry of the D,,. The
correlation diagram of the electronic states between the linear and bent

configurations in the singlet manifold is shown in Fig. 4.

Fig. 4. Low lying electronic singlet states of the CS; molecule in the linear (a) and

bent (b) configuration. . 5 ‘A,
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The main difference in the bent structure is that the low lying, doublely
degenerated excited state ' A, is splitted into two different states, designated to 1B,
and 'A,. Bending of the molecule becomes possible if the molecule vibrates and
this vibrational excitation causes splitting of the degenerated electronic state. This
is known as vibronic interaction or Renner-Tellor effect after the first Tellor’s
recognition and the latter Renner’s development. The transitions to these bent
excited states !By and 'A, are named as V-band and T-band, respectively and
either one presumablly to the !B, or both transitions are related to the absorption

band of CS, in a region between 250 and 350 nm.



ABSORPTION BANDS OF CS; BETWEEN 250 AND 350 NM

Highly resolved absorption spectrum of CS, vapour in the region between 250

and 340 nm is shown in Fig. 5.

Fig. 5. The absorption spectrum of the C’S)o vapour. (after Ch. Jungen et al., 1973)
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Most of the bands in Fig. 5 have previously been assigned into two different groups
based on temperature dependence of the bands. They are the bands in the region
of 200 nm and 330 nm (V-band) and the bands in 330 nm to 350 nm (T-band)
which are shaded. The ro-vibronic analysis of these bands shows that both bands

are highly perturved vibrationally as well as rotationally.

A. V-Band

V-band is a transition to the !B, state which is splitted from the 'A,™ in
linear structure by Renner-Tellor interaction. The band is centered at 320 nm and
is parallel polarized. Intensity of the band is relatively low (extinction coefficient
near 110 cm™'mol™') compared to a typical m-r’ transitions (eg. a transition to
1£,7). Low intensity of the band is because the V-band is a part of forbidden
LF g"' transition of the linear molecule and it is arised by an excitation of the

bending vibration.



The C—S bond length in !B, state is found to be very sligtly shorter 0.01 A°
than that in the ground state; this is surprising if we consider the fact that the V-
band is a typical m-r" transition, which involves an elongation of the bond length
near 0.1 A°. A part of the reason is due to an excitation of electron belong to the
non-bonding 7 orbital as described in Fig. 2. This is an important aspect when we
consider a shift of the band, since the volume change during the excitation can

cause the shift of the band.

B. T-Band

T-band is a transition to 'A, state which is a lower component of the 1A,*
state in. the linear configuration. CS; molecule becomes more bent in the L,
state than that in the !B,; the angle between §—C~—S is 135° in the 1A,, whereas
165° in the !B,.

T-band has a character of hot band; unlike Boltzmann distribution of the
electrons in the vibrational states, the strongest T-band at room temperature arises
from second vibrational excited state in the ground state because of the
contribution of the rotational angular momentum in the Boltzmann factor.
Therefore, the position of T-band is very sensitive to the temperature, and the band
shifts more rapidly toward the red as the temperature of CS, incfeases. In addition
to the freezing of the rotational motion in the solid, this is also why the T-band
smears into the V-band and eventualy disappears as the temperature decreases

lower than the lig.-N, temperature.

Although the transition to the A, is strictly electric-dipole forbidden in the
absence of a perturvation, the Renner-Tellor effect can transfer intensity to them
from the V-band. Since the intensity transfered from the !B, state is proportional
to the square of the rotational angular momentum, disappearence or only a small

intensity of T-band is expected in the solid. However, it is only true when both the



ground and the excited state are remained as well defined quantum states; that is,

when the molecule and the electronic states are not perturved.

C. Absorption Spectrum of Condensed CS,

The absorption spectrum of CS; in the solid at low temperature is quite
different from that in the vapor phase. The rotational and vibrational fine
structures disappear in the solid due to fast relaxation of the rotational and
vibrational motions and freezing of the rotational motion. The absorption spectrum

of solid CS, is shown in Fig. 6.

Fig. 6. Absorption spectrum of the solid CS,. (after L. Bajema, 1971)
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The band is peaking near 320 nm and spreads over 300 to 335 nm. Five
progressional modes are shown with an average séparation of 580 cm™!, which is not
corresponded to any single vibrational frequency in the CS,. The two tentative
assignments of the bands have been made to obtain the same stretching frequency
with the 580 c¢cm™!; those are, the average tramsition of (v1,0,0)-(0,0,0), (v;,1,0)-
(000) and (v{,2,0)-(0,0,0), or that of (v,1,0)-(0,00), (v1,2,0)-(0,0,0) and
(vi+1 ,0,0)—(0,0,0) .



IMPORTANT EFFECTS ON ELECTRONIC TRANSITION
A. Pressure

The spectral changes under high pressures are in general coupled to the
intermolecular mode, rather than the intramolecular one. For example, with a few
exceptions such as in oxgene and hydrogene the vibrational frequencies (stretching)
of the most substances including the CS, molecule change only 1-2 % over 100
kbar. This suggests that the changes in the' intramolecular mode are not very

important with respect to those in the intermolecules.

Increasing the pressure in general, leads the substance to a higher density.
This results in decreases of the intermolecular distances and thus, in increses of the
inter-molecular interactions. Changes in the intermolecular interactions can involve
the spectral shift. Increase (Decrease) of the attraction (repulsion) lowers the
energy of the excited state more rapidly than that of ground state, due to the larger
polarizability of the molecule in the excited state. Therefore, the attractive
interaction causes the red shift of the absorption band. These spectral changes
have often been quantified in terms of the index of refraction which represents a
measurable value of the probability density of the substance. If we consider the
highly compressible CS, molecules, substantial changes of the interactions between
inter-molecules are expected associated with the pressure changes. Since there are
substantial attractive dipolar interactions between the transient dipoles existing in
C=S bonds of nearby CS, molecules, the red shift of the absorption band is

expected with increasing the pressure.

B. Temperature

Temperature change of the molecule can directly effect on the shift of the

absorption band by a transition from the vibrationally excited ground state. In



order to excite the electrons vibrationally however, needs a large elevation of the
temperature, since the thermal energy (300 K = 200 cm‘l) is small with respect to
the molecular vibrational energy (typically an order of 1000 cm‘l).

Increases of the temperature can also indirectly accelerate the shift of the
absorption band, in a way that enhances the rotational and vibrational
perturbations and thus, that induces the mixing of the excited or/and ground state
electronic potentials. An example of the mixing in the excited electronic potentials

is the case of the CS,. Consider the splitting of the 1& and the mixing of the two
states as illustrated in Fig. 7.
Fig. 7. Mixing of the electronic potentials.
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Again, the transition to the lower component of the excited states, T-band, arises

from the v=2 state at room temperature and v=3 at 370 K because of the
contributions from the angular momentum. Since the optical transition is subject
to the Frank-Condon principle, one can assume the vertical electronic transition. If
so, the vibrational excitation from v=2 to v=3 will result in the red shift of the

transition energy.
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C. Molecular Motion

Motion of the molecules can change the spectral characteristics. Suppose an
orientational motion of CS, molecules in the direction of shock wave propagating as

illustrated in Fig. 8.

Fig. 8. Orientational motion of the CS, molecule.
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In this case, a transition dipole existing along the molecular axis will be in the same
direction with the electric dipoles. The intensity of the band due to the parallel
transition will be increased, since the transition probability goes as (u'E)?. This
may well be a case of CS,, because the major absorption band V-band is a parallel

transition.

Suppose a bending motion of CS; molecules from the linear molecule. This
structural change in the ground state molecule can cause sevior changes of the
electronic transitions. The probability of the transition is altered, because the
transition from the bent ground structure to the bent excited structure is more
allowed than the transition from the linear to the bent (V- and T- bands). Thus,

the intensity of the V- and T- bands will be enhanced. It is also possible that the

i



changes in bending angle S—C—S can cause the shift of the electronic potential.

The energy levels of the molecular orbitals in XY, such as CO,, NO,, and CS,

are a function of the angle between ¥ —X—Y. This can be illustrated in a Walsh

diagram as shown in Fig. 9.

Fig. 9. Variation of the molecular orbital energy levels in CS, molecule as a

function of the angle, 52 \ +4
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The electrons at the right-hand end of the Fig. 9 represents the linear CS,, whereas
those toward the center represents the bent CS,. Here, one can see the strong
variation of the energy level of the lower component (a;) of 27, as the CS, bends.
Since the origin of both V-band and T-band is an electronic excitation to the la;,
these absorption bands should shift toward the red as the excited CS, molecule
bends more. In addition to the changes of the a; in the excited state, the
components of 1r,, the a; and the b, also shift as a function of the angle between
S—C—S. Therefore, the shift of the V-band and T-band can be even accelerated, if
the ground configuration of the CS, becomes bent. These molecular bending may
be important to understand the spectral changes in the CS; molecule under shock

compression, not only because it is a transition to a bent excited CS,, but also

=12



because it is quite possible that the CS; molecules can be bent even in the ground

state under high pressures.

D. Chemical Reaction

Since CS, molecules under high pressures are unstable in many aspects, the
effect of the pressure-induced reaction on the electronic transition is considered.
Although the products of the reaction are chemically characteristic to the reactant,
the electronic transitions of the reactant and product may not be very distinctive
each other. The absorption band position can be altered 10 - 20 nm depending on

the chemical environment of the chromophores. Examples are shown in Table II.

Table II. Absorption band positions of the different chromophores and the effect of

the chemical enviornment on the band positions.

r Transitions
@'R T+1* (substituent n+71* (substituent
T +1* {allowed) m+n* ("forbidden") deloca]l.ized by with non-bonding
Substituent R aromat;szﬁgtem); elECtgfgangr);
{aolvent) Amaxfnm] € Amax[n.m] € kmax[nm] | € ’\max[nm] €
v180-230 |%2000-10000 |%250-290 [~100-2000 | ~220-250 | ~10000-30000 | %275-350 |~10-100
=-H (cyclohexane) 198 -felele] 255 230
-CH3 (hexane) 208 7900 262 230
-0H (water) 211 6200 270 1450
=0~ (water) 235 9400 287 2600
=NH; (water) 230 8600 280 1430
-NH;* (water) 203 7500 254 160
-NO, (hexane) ( Lk { et 270 800 251 9000 322 150
-Cl (ethancl) 21¢C 7500 257 170
=CH=CHjy {(ethanol) 282 450 244 12000
~-CZCH (hexane) 278 650 236 12500
—-COCH;3 (ethanol) 278 lloec 243 13000 319 50
-CHO (hexane) 280 1400 242 14000 ~330 ~60
~COOH (water) 202 8000 270 800 230 looc0o
~CsN (water) 271 1000 22 13000 J

The differences in the position of the band shown in Table II between the molecules
could be too small to become a distinctive fact of the individual molecule, especially
under high pressures which the pressure shift of the band is near 10 A° /kbar. Both
the CS, and reaction products are expected to have same chromophore C=S and

the origin of the electronic transition -7 transition. This could be a reason which
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the analysis of the reaction by monitoring the changes in the absorption band is not
simple.

Suppose the following reaction of CS, in Fig. 10.

Fig. 10. A hypothetical reaction between CS, molecules.

¢
S 5 S
5 7
S=¢C=23% ) C,, C// /é’ g
S~
S=C, =SJ

5 =C= .S),
Most characteristic fact of product and reactant associated with the electronic
transition can be a non-bonding character of the 77 transition in the CS, and the
different selection rules due to the different structures. This can effect more rapid
red shifts of the band in the product molecules as the pressure increases, and
enhancement of the absorption probability in the product (not 1-2 times, but 1-2

orders of the changes in the magnitude).

COMMENT

In single electronic transition of the molecule, the shift of the absorption band
are typically a few angstroms per kbar and the intensity of the band can change 10
- 20 percent over 50 kbar. A small change in the spectral shape or width is expected
with increasing pressures, in the absence of inhomogeneous pressure or temperature
broadenning of the band. We observed a dramatic edge shift of the CS, absorption
band near 20 A°/kbar, a strong enhancement of the band intensity near 5-10
factors over 50 kbar. These spectral changes in CS; molecule under shock condition

is therefore, unusual.

There are reasons why the absorption changes in the shock compressed CS,

Sl



may not be due to single electronic transition (presumeablly to 1B, state). First,
the shift of the red edge position is unusually large with respect to the most r-n’ or
n-m' transitions. Second, the edge shift of the absorption band does not agree with
the shift of the peak position. Third, the spectral shape of the CS, absorption band
at high pressures are characteristically different from that at the ambient pressure
or low pressures than 20 kbar. This includes broadening and shift of the band, and
particularlly a formation of the new feature which shows very strong shift of the

peak position as a function of pressure.

Obviously, the absorption changes in CS, under shock compression are
unusual and complicated, and have not been fully understood as yet. Possible
conjectures to explain the spectral cha;nges under shock compressions are however,
drawn based on the previous observations,

a). multiple transitions including transitions to 'B; (V-band) and to ' A, (T-band),
b). perturvation of the electronic potential due to the mixing of the states,

c). shock-induced molecular motions such as the parallel orientation and the
bending of the linear CS, molecules,

d). finally, reversible chemical transformation to relatively small size of the

multimer.
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TABLE I: Compilation of ruby luminescence data from shock wave uniaxial strain experiments. Subscript r on

experiment number indicates relief data.

Experiment particle density longitudinal  longitudinal lateral AMp, — Alp, AT Adg, Aldpg,
number velocity compression® stress® stress’ stress® corrected  corrected
(mm/ps) (kbar) (kbar)  (kbar) (B @A ® @ A&

1 0.111 0.0099 50.0 499 114 7.4 9.1 3.5 7.2 8.9
1, 0.175 0.0042 21.0 21.0 4.7 2.9 41 1.5 2.8 4.0
2 0.166 0.0148 75.1 74.9 17.3 12.3 14.2 5.4 12.0 13.9
2; 0.263 0.0062 31.0 30.9 7.0 4.5 5.8 2.3 4.4 5.7
3 0.220 0.0197 100.0 99.5 23.3 17.2 20.0 T2 16.8 15.6
4 0.222 0.0198 101.0 100.4 23.5 16.7 19.3 74 16.3 189
5 0.272 0.0243 124.2 1234 29.2 22.3 25.3 9.0 21.8 24.8
5, 0.433 0.0099 50.0 49.9 11.4 7.8 9.2 3T 7.6 9.0

¢ Calculated using Rankine-Hugoniot jump conditions.

. Calculated using non-linear elastic constants of Hankey and Schuele.!® We include the elastic calculations

because they provide a value for the lateral stress.



