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Figure 3a, b. The shock waves over a flat plate with a sharp leading
edge inchned at (@) 5° and (b) 6° to the flow direction inside the test
section of the HST1 tunnel at Mach number 5.75.

The experiments were conducted with the follow-
ing test conditions: flow Mach number=5.75,
Reynolds number=1 x 10° m™, freestream den-
sity = 1 X 1072 kg/m’, duration of the steady flow
~800 ps, freestream temperature = 173 K and freestream
static pressure = 9.9 x 10~ mbar. In these experiments
the point electrode was used as the anode and the line
electrode was used as cathode. The voltage applied
across the electrodes was about 1500 V and the electric
current was set at 1 A. The discharge in the test section
was photographed from outside the side window using a
Nikon FM 2.8 camera with B exposure. A film with ASA
1600 speed was used for recording the weak light emitted
from the discharge field. Some of the photographs were
taken at film speeds of ASA 3200 and ASA 6400 by using
the push processing technique in order to record the spec-
tral varation of the light emitted from the temperature
layer. However these preliminary experiments did not re-
veal the temperature layer because the temperature in this

layer will be very low for the flat plate with a sharp lead-
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ing edge. Currently the efforts are being made to study
the temperature layer with a blunt nose cone model.

Typical results of the shock shape visualization are
shown in Figure 3a and b for the flat plate at 5 and 6
degrees angle of attack, respectively. Unlike the dark
line representing the position of the shock wave 1n the
long-duration tunnels', the shock position in these fig-
ures is indicated by the bright line. The bright portion at
the shock wave occurs in this case because the experi-
mental conditions are suitable to make the electron en-
ergy at the shock wave equal to about 20 eV (ref. 3).
The measured shock wave angles of 13° and 14° match
very well with those theoretically estimated using
oblique shock relationship® for both the cases.

In conclusion, we have demonstrated a new technique for
the visualization of the shock shapes around the hypersonic
vehicles tested in hypersonic shock tunnel. This method is
novel as 1t suits application in the shock tunnel where the
typical test times are less than a millisecond. The measured
shock angles for a flat plate with sharp leading edge at an
angle of attack tested at flow Mach number 5.75 in IISc
shock tunnel HST1 match very well with the theoretical
results. This technique can be utilized for visualizing the
three-dimensional shock shapes by taking the photograph of
the electrical discharge either in the downstream or up-
strcam direction of the flow.
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Steric enhancement of resonance (SER) has earlier
been characterized in terms of molecular properties
such as dipole moment, bathochromic shift,
mesomeric moment, spin—-spin coupling constant or
by monitoring the Kinetics of a reaction. The present
work provides a unified picture of SER in terms of
the electron localization patterns in a molecule.

THE phenomenon of steric hindrance of resonance
(SHR) has been well documented' in the organic chem-
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istry literature for a long time. However, that of steric
enhancement of resonance (SER) has been discussed®™
rather scantily and only for the past three decades or so.
SER was first noticed by Baliah and Uma® during their
dipole moment measurements of some substituted ani-
soles. Later, Kamlet er al.>* invoked the same phe-
nomenon for explaining bathochromic shifts observed in
the absorption spectra of some alkylnitrobenzenes and
substituted 2,4-dinitroanilines. Similarly, the higher
rates ot solvolysis (4 times) shown by 3-methyl 4-
methoxy benzylchloride, as compared to 4-methoxy
benzylchloride have been explained in terms of the SER
phenomenon’. Some other physical data in the literature
supporting this phenomenon are: the calculated and ob-
served dipole moment values for 2,4-dinitroanisole and
1-methoxy-2,4-dinitronaphthalene®, the spin-spin cou-
pling constants between the methyl protons and the or-
tho ring protons of a number of substituted anisoles’ and
the '°O and "’C NMR chemical shifts of 2-substituted,
2,6-disubstituted and 2,4,6-trinitroanisoles®. In the
above-mentioned works, SER manifests in many diverse
ways. The question addressed in the present communi-
cation 1s: can one obtain a common electronic signature
for these wide-ranging physico-chemical observances
regarding SER?

The recent works done by Gadre et al.”"” have dem-
onstrated that MESP topography is a convenient tool for
monitoring the subtle changes in electronic distribution
in molecules. The MESP, V(r), at a point r due to a
molecular system with nuclear charges {Z,} located at
{ Ra} and electron density p(r) is given by

N
V(r)= ) Zx /It = Rul = fp(r')d’r/ir - v,
A

where N 1s the total number of nuclel in the molecule.
The terms on the rhs of the above equation represent the
nuclear contribution and the electronic contributions
respectively. When the electronic factor overrides the
nuclear one, V(r) becomes negative and a large negative
value for 1t physically implies a higher electron local-
1zation around that point. These points of maximum
clectron localizations or minimum MESP value can be
rigorously characterized by the topological analysis’™"
of MESP based on the identification and location of its
minima.

In general SER phenomenon can occur in two ways'™.
In the f{irst case, it may occur 1n a system such as 1
where, X 1s a +R or 41 substituent and Y and Z are -R
substituents®, It follows that progressively increasing the
bulk of X forces Y from out of the ring plane, and this
lcads to a decrecase in the power of Y to withdraw clec-
trons from the ring and X. This is the classical situation
of SHR. A counter-effect of this Ieads to the enhance-
ment of the resonance interacuon between X and Z and
is termed as SERY. The second situation is observed in
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Figure 1.

substituted anisoles or thioanisoles®>. When a substitu-
ent 1s present ortho to the methoxyl group, the free rota-
tion of the —OCH; group is restricted and it takes a
preferred orientation that is anti to the 2-substituent and
coplanar to the ring plane. This geometry enables the
methoxyl group to conjugate more effectively with the
group at the 4-position.

We have explored 2, 3 and 4 (Figure 1) as test exam-
ples towards an appraisal of SER in terms of features of
electron distribution. Our earlier MESP topographical
analysis of substituted benzenes'* demonstrated that the
ortentation effect as well as the activation or deactiva-
tion exhibited by the substituents can be very well rep-
resented by the position and the values of the MESP
minimum. It was also found that using a molecular ge-
ometry optimized at a lower basis-sct (typically 6-31 G)
and a wave function obtained at a higher basis-set
(usually 6-31 G**) 1s generally quite sufficicnt for an
adequate topological representation of MESP. All the
molccules reported 1n this work are fully optimized at
HE/6-31G level using GAUSSIANY94 (rcf. 14) package,
Using these gecometries, the wave {unction at HE/6-
31 G** level 1s calculated and employed for the MESP
topographical analysis. Packages UNIPROP (ref. 15)
and UNIVIS (ref. 16) devcloped in our laboratory arc
employed for this purpose.

In all the substituted benzylchlorides 2a—e, the plane
which contains the chlorine, the benzyl carbon and
ring carbon s perpendicular to the ring plane. When
hoth the ortho-posttions of -~OCH, are occupied by
~CHy group 2e and 3¢, the plane defined by the
ncethoxyl carbon, oxygen and a ring carbon makes an
angle 90°, which otherwise muakes an anele of 0° with
respect to the benzene ring. The methoxyl group and the
chiorine atom are seen on the same side ot the ring i
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Figure 2 A-C. MESP iso-surface corresponding to —[15.41 kJ mol ' for systems 2¢, 2d and 2e respectively; D-F, MESP iso-surface corre-
sponding to —31 48 kJ mol™! (blue surfaces) and —194.10 kJ mol™' (red surfaces) for systems 4a, 4b and Jc¢ respectively.,

3,5-dimethyl  4-methoxybenzylchloride, 2a. In  2-  arc lying in the benzene ring plane. In de, the nitro group is
nitroanilines 4a—c¢, except the case of 4¢ all the heavy atoms  not in the ring plane, but exactly perpendicular to it.
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Table 1. MESP minima for systems 2, 3 and 4. All values are in
kJ mol™

Para carbon
(with respect to

Oxygen Chlorine  —-OCHj; or -NR3;) Nitrogen
Structure minimum  minimum minimum -~ minimum
2¢ -176.79 ~124.07 — -
2d -171.28 -132.72 — -
2e -199.87 -125.38 — —
3a ~200.13 - ~89.97 -
3b ~195.98 — -96.00 —
3c - =212.46 - -87.61 —
4a ~228.46 ~ -36.20 -57.44
4b -230.82 — -39.61 -44.59
4c -206.69 — -52.46 -41.97

In benzene, the MESP minimum for the m-cloud is
—85.5095 (all values quoted here are in kJmol™). The
substitution of one hydrogen by the —CH,Cl group, 2a,
deactivates the ring and the MESP value of the ring
minimum 1s increased to —51.41. The chlorine MESP
minimum 1s —121.71 1n 2a, which 1in the case of methyl
chloride 1s -94.43, indicating that the electron density

around the chlorine atom 1s enhanced at the expense of

the ring m-electron density. The electron flow towards
the chlorine is further increased when one electron do-
nating group 1is introduced in the aromatic ring. A
methyl group at the meta position 2b or a methoxyl
group at the para position 2¢ changes the minimum ESP
of chlorine to —124.07 and -129.31 respectively. When
both are present, 2d, the MESP minimum of chlorine
goes down to —132.72, 1.e. a decrease by 11.02 units,
which is a little higher than the added effect of the —CHj;
and —-OCHj; groups. By adding one more methyl group at
the remaining ortho position of ~OCH; group, 2e, the
value of the chlorine minimum goes deeper by 3.67 than
the chlorine minimum of 2a. Exactly complementary
trend in the values of the oxygen MESP minimum 1s
observed in 2¢, 2d and 2e (see Table 1). Oxygen mini-

mum is less negative in 2d compared to 2¢ and 1t 1s -

more negative in 2e. A decrease in the magnitude of
oxygen MESP minimum is compensated by an increase
in the magnitude chlorine minimum (Table 1). This
feature is graphically brought out by Figure 2, wherein
iso-surface of MESP with value of —-115.4116 is de-
picted for 2¢, 2d, and 2e in Figure 2A, B and C respec-
tively. The lobe of iso-surface with value =115.41 1s the
largest in Figure 2 C for 2e at the expense of the chlo-
rine lone-pair. The lobe is the largest in Figurec 2 B for
2d.

The changes seen in the chlorine: minimum can be cor-
related to the kinetic data on the solvolysis of systems
2a—e reported by Baliah and Kanagasabapathys. They
have explained the unusually higher rate of reaction of
system 2d and the unusually lower reactivity of 2e by
invoking the concept of SER. In their opinion, a sub-
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stituent ortho to methoxyl group does not sterically in-
hibit the methoxyl group from conjugating with the
benzene ring, but makes the conhjugation more effective
than in the absence of the ortho substituent. In the pres-
ent context, the observation of a highly negative valued
chlorine minimum in 2d supports their argument and it
points out that such a minimum may make the leaving
process of Cl™ easier and accounts for the higher rate of
solvolysis of 2d. When both ortho positions are occu-
pied, 2e, the methoxyl group prefers a perpendicular
orientation with respect to the benzene ring and this
makes the conjugation of the oxygen lone pairs with the
benzene ring difficult, hence the —I effect of oxygen
decides the electron distribution.

In the absence of the electron withdrawing group
~CH,Cl, viz. in systems 3a, 3b and 3¢, a MESP mini-
mum appears above the para carbon atom with respect
to the methoxyl group. A comparison of the values of
the para minimum and the oxygen minimum (Table 1)
once again confirms the SER phenomenon.

In 2-nitroanilines 4a—c the interplay of the steric and
the electronic effects can be monitored using three dif-
ferent MESP minima. Here we report one of the -NO,
OXygen minimum, one minimum seen above the para
carbon and the —NR; nitrogen minimum (Table 1). Go-
ing from 4a to 4b, the oxygen minimum as well as the
carbon minimum becomes more negative (the change 1s
2.36 and 3.41 respectively) due to the more electron
push from the -NH(CH3) group compared to the —-NH,
group. At the same time the nitrogen minimum goes up
by 12.85. When the substituent 1s -N(CH;3), the —NO,
group goes completely out of the ring plane and this
leads to a significant increase in the oxygen MESP
minimum (an increase by 21.77 with respect to 4a),
visually seen in Figure 2. This explains the classical
situation of SHR. A deepening of the para carbon mini-
mum by 16.26 shows the counter effect of this phe-
nomenon, the SER. This effect can be visually seen 1n
Figure 2 D, E and F in terms of MESP iso-surfaces with
values of -31.48 and -194.10. This enhancement 1s due
to the more electron donation from the donor as well as
the diminished electron-pulling effect of the acceptor.

The above observations on the substituted benzyl-
chlorides and substituted anisoles lead us to the follow-
ing important conclusions. There 1s indeed a unique
electronic signature of the steric cnhancement of reso-
nance phenomenon. The phenomenon can be monitored
by the electron concentration patterns through the MESP

topography.
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The quantum signature of chaos in Rydberg atoms
has been studied using a quantum theory of motion
and quantum fluid dynamics. A hydrogen atom in
the electronic ground state (n = 1) and in an excited
electronic state (n =20) behaves differently when
placed in an external oscillating electric field. Tem-
poral evolutions of Shannon entropy, density corre-
lation, phase space distance function of Bohmian
trajectories and associated Kolmogorov-Sinai en-
tropy for these two cases show marked differences.

- CLASSICAL interpretation of quantum mechanics 1s as
old as the quantum mechanics itself. In the Madelung
representation’ the time-dependent Schrédinger equation
for a single particle of mass m moving under potential
V(r), viz.

[~(7*12m)V: + V(D1 Hr, 1) = ihd Yot (1)

is transformed into two-fluid dynamical equations.
Substituting the following polar form of the wave func-

tion

This paper is based on a seminar talk delivered by P. K. Chattaraj in
the International Discussion Meeting on Time Dependent Quantum
Mechanics of Many Electron Systems at Indian Institute of Science,

Bangalore in January, 1996.
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Hr, 1) = R(r, t) exp (15(r, t)/h) (2)

in eq. (1) and separating the real and the imaginary
parts, one obtains an equation of continuity

dp/ot + V+j =0, (3a)
and an Euler-type equation of motion |
av/at + (v- Vv = —(1/m)V(V +V,,). (3b)

In eqs (3) the chérge density, p(r, t) and current density,
j(r, t) are |

p(r, 1) = [R(r, D]° (42)
and
j(r, 8 = p(r, )v(r, 1). (4b)

where the velocity v(r, f) can be defined in terms of the
phase of the wave function as

v(r, t) = (1/m)VS(r, 1). (4¢)

The quantity V,, appearing in eq. (3b) 1s called the
quantum potential or Bohm potential of hidden variable
theory” and defined as

Vou = —(1*12m)VRIR. - (5)

Therefore, in this quantum fluid dynamics' the overall
motion of the system under consideration can be thought
of as the motion of a ‘probability fluid’ having density

p(r, 1) and velocity v(r, t) under the influence of the ex-

ternal classical potential augmented by a quantum po-

tential, V.
For the ground state of a many-particle system, p(r, 1)
contains all information’. In a time-dependent situation
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