
Liquid Crystals, 2000, Vol. 27, No. 2, 269± 276

Pre-resonance Raman studies of some mesogens—TB4A, TB7A
and TB10A

S. K. DASH*

Parts and Materials Division (SRG), ISRO Satellite Centre, Bangalore—560 017,
India

RANJAN K. SINGH

Department of Physics, Jay Prakash University, Chapra—841 301, India

P. R. ALAPATI

Department of Physics, North Eastern Regional Institute of Science and Technology,
Itanagar—791 109, India

and A. L. VERMA

Department of Physics, North Eastern Hill University, Shillong—793 022, India

(Received 11 May 1999; in � nal form 8 September 1999; accepted 15 September 1999 )

Pre-resonance Raman spectra of certain liquid crystalline compounds, TB4A, TB7A and
TB10A, are reported. The anomaly observed in the pre-resonance Raman spectra in the three
compounds was initially explained by the Albrecht–Hutley Model, but its failure leads us to
explain the anomalous intensity enhancement mechanism by invoking an interference e� ect
between a weak dipole-forbidden excited state and a nearby strong electronic level via
vibrational modes. The presence of a 21 Ag dipole-forbidden excited state in TB4A and TB10A
is deduced after an elaborate discussion of their centro-symmetric structure. The structural
di� erence of TB7A in comparison with TB4A and TB10A is also discussed by taking their
X-ray data into consideration.

1. Introduction is initially used here for explaining the Raman excitation
pro� le (REP), expresses the Raman cross-section directlyVibrational spectroscopy has been a matter of great
in terms of molecular parameters. Rigorous Ramaninterest in both experimental and theoretical research
resonance occurs when the exciting radiation frequencyfor a long time. Especially, in recent years, Raman
falls within the observable vibrational structure, whereasspectroscopy has been a very useful tool in the investi-
the pre-resonance Raman e� ect is observed when thegation of the vibrational dynamics of liquid crystalline
exciting radiation frequency falls within the high or lowcompounds. The spectra–structure correlation, as well
frequency wings, but not under the observable vibrationalas the connection between structural phase changes and
structure of the electronic absorption band involved inthe corresponding changes in the Raman spectra, are of
the Raman scattering process. The variation of Ramanparticular interest. These aspects have been potentially
intensity in di� erent vibrational modes as a function ofexploited in order to obtain information about di� erent
incident laser photon energy, commonly known as themolecular con� gurations [1–8] such as molecular orien-
excitation pro� le, is important for obtaining informationtation [9], inter/intra-molecular interactions [10], etc.
about, for example, the properties of a molecule inEnhancement of Raman intensities in the resonance
the electronic excited state, the vibrational mode and theand pre-resonance region [11–16] has also attracted
atomic displacement between the ground and excitedconsiderable attention. The resonance Raman theory
states [15].is primarily based on the Kramers–Heisenberg–Dirac

When the energy of the exciting light approaches anrelation and has been explained by many authors
electronic energy level, a monotonic increase of intensity[11–14] in various ways. The Albrecht [12] theory which
of di� erent Raman modes occurs in the pre-resonance
region [11–16] due to vibronic coupling. Many models*Author for correspondence; e-mail: sarat@isac.ernet.in
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[11–14] have been proposed to explain the intensity transition temperatures were constant. The Raman
spectra in the 1100–1700 cm Õ 1 region for TB4A, TB7Aenhancement theoretically in the pre-resonance region.

However, the agreement of these models with experi- and TB10A dissolved in a non-interacting solvent
(CHCl3 ), were obtained on a spex Ramalog 1403 doublemental results is only approximate and sometimes they

fail to account for the observed enhancement in many monochromator equipped with an RCA-31034 photo-
multiplier tube and CCD detector using 514.5, 496.5,systems [17, 18]. It has been suggested that vibronic

coupling between the electronically allowed and some 488.0, 476.5, 457.5 nm lines from an Ar+-ion laser and
the 441.6 nm line from a He-Cd laser as excitationforbidden transitions may lead to such inconsistency

[17, 18], and sometimes such anomalies were explained sources. A slit combination of 200-400-400-20 0 mm, a slit
band pass of 2.5 cm Õ 1 , a scanning increment of 1.0 cm Õ 1by invoking the interference e� ect between electronic

levels and weakly allowed or forbidden electronic levels and an integration time of 1.0 s were found suitable in
order to record the spectra with good signal to noisevia vibrational modes [19].

In the present study, the Raman excitation pro� les ratio. A DM-3000 series computer with Spectramax
software was used to control the spectrometer and(in the pre-resonance region) of some Raman bands for

three thermotropic liquid crystalline compounds, TB4A, process the data. Electronic absorption spectra were
recorded by a Cary 2390 UV-Vis spectrophotometer .TB7A and TB10A are reported. These liquid crystalline

compounds are basically Schi� ’s base compounds and
di� er in their long aliphatic chains. The staggered core 3. Discussion
[20, 21] consists of three benzene rings connected by First the assignment of all the observed bands in the
Schi� ’s base linkages; the middle benzene ring is sym- 1100–1700 cm Õ 1 region along with their depolarization
metrically substituted and the peripheral benzene rings ratios was made on the basis of earlier studies on similar
are unsymmetrically substituted. The long saturated compounds [24] and expected group frequencies [25]
aliphatic chains attached to both ends of the core have and is given in table 1. Representative Raman spectra
a zig-zag structure. An overall structure for the three for one of the samples (TB7A) as a function of exciting
compounds is given below. line wavelength are given in � gure 1. As is evident from

this � gure, intensity enhancement is observed for almost
all the ring modes as well as for modes associated with
the Schi� ’s base linkages.

The electronic absorption spectra for TB4A, TB7A
An attempt has been made here to explain the and TB10A are shown in � gure 2. Strong absorption

bands at ~363 and ~296 nm appear in the spectra ofanomalous intensity enhancement in the pre-resonance
Raman spectra of TB4A, TB7A and TB10A, an e� ect all these compounds. The strong band at ~363 nm is

considered to arise from a major active electronic statewhich is unaccountabl e in the Albrecht and Hutley model
by invoking the interference e� ect between electronic in the TB4A, TB7A and TB10A systems. The other

observed band at ~296 nm is located reasonably awaylevels and weakly allowed or forbidden electronic levels
via vibrational modes. from the excitation lines used and hence its contribution

has been neglected for the intensity enhancement. It is
to be noted here that the observed absorption bands in2. Experimental

The liquid crystalline compounds TB4A, TB7A and all the compounds are symmetrical and have nearly con-
stant relative intensity ratios, thus re� ecting a negligibleTB10A were synthesized following a standard procedure

[22, 23] and puri� ed by repeated crystallization from e� ect of chain length. Again all the Raman bands chosen
for this study are symmetrical with a depolarizationan absolute ethanol–benzene mixture until the observed

Table 1. Assignment and depolarization ratios of Raman bands considered for pre-resonance studies of TB4A, TB7A and TB10A.
The band positions given in the table are approximately the same for the three systems.

Band Depolarization
position/cm Õ 1 Assignment ratio

1165 Aromatic C–H in plane bending mode (n9 a ) 0.28
1195 Aromatic C–N stretching mode (n

w-N ) 0.35
1563 Quadrant stretching of benzene ring (n8 a ¾ ) 0.34
1594 Quadrant stretching of benzene ring (n8 a ) 0.30
1625 C 5 N stretching mode (nC=N ) 0.33



271Pre-resonance Raman studies of mesogens

Figure 2. Electronic absorption spectra of the three
compounds in CHCl3 .
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Figure 1. Raman spectra of TB7A in CHCl3 with six di� erent
excitation lines. where n0 , n, ne and ns refer to the frequency of the

exciting radiation, scattered radiation, major active
electronic state and virtual electronic state (other active
higher electronic state), respectively. The approximation

ratio of 0.3 (see table 1). Therefore it is expected that adopted in the ‘A’ term (Condon approximation) [15]
the Albrecht and Hutley model may explain the intensity is equivalent to assuming that the value of the electronic
enhancement in the pre-resonance region. transition moment is independent of the vibrational

When the frequency of the exciting radiation transition accompanying the electronic transition and
approaches an electronic state which serves as a major only a totally symmetric vibration gives rise to resonance
active state for the vibrational mode involved, the enhancement via the Albrecht ‘A’ term [15]. Unlike the
intensity enhancement is predicted to be governed by ‘A’ term, the ‘B’ term arises due to vibronic mixing of
the frequency dependent dimensionless factor FA given two excited electronic states via both totally symmetric
by Albrecht and Hutley [11] as and non-totally symmetric fundamental modes, pro-

vided that they are energetic enough for such coupling.
The approximation adopted for the ‘B’ term is

FA =
n2 (n2

e +n2
0 )

(n2
e Õ n2

0 )2 . (1)
non-Condonian in nature [15]. In short, the ‘A’ term
corresponds to intensity enhancement due to the active

However, if there is another electronic state, other than electronic state and the ‘B’ term refers to the vibronic
the major electronic state, the intensity enhancement is coupling of the major active electronic state with other
dependent on their vibronic coupling via vibrational active higher electronic states (if any) having similar
modes and is predicted to be governed by the frequency polarization. If the Raman intensity is uniquely governed

by one of the terms given by equations (1) or (2), thedependent factor FB given by Albrecht and Hutley [11]
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Table 3. Theoretically calculated and experimentally observedintensity I
m, n

may be written as [11]
intensity enhancement for the 1594 cmÕ 1 Raman band in
terms of the RA , RB and R

I
factors for TB4A, TB7AI

m, n
3 F 2

A (3 )
and TB10A.

or

TB4A TB7A TB10A
I
m, n

3 F 2
B . (4 )

lo /AÃ RA RB R
I

RA RB R
I

RA RB R
IIn order to calculate the frequency dependent factors

for TB4A, TB7A and TB10A, the ne values have been
5145 0.67 0.76 0.33 0.68 0.77 0.65 0.68 0.76 0.58

taken as 8.174 Ö 101 4 Hz (l = 367 nm), 8.321 Ö 101 4 Hz 4965 0.87 0.91 0.62 0.88 0.91 0.79 0.88 0.91 0.77
4880 1 1 1 1 1 1 1 1 1(l=360 nm), 8.253 Ö 101 4 Hz (l=363.5 nm), respectively,
4765 1.22 1.15 1.72 1.23 1.14 1.52 1.21 1.14 1.50corresponding to the strongest near-ultraviole t electronic
4579 1.73 1.47 2.97 1.72 1.44 2.44 1.74 1.45 3.91absorption bands of TB4A, TB7A and TB10A (see
4416 2.65 1.90 2.00 2.49 1.84 5.35 2.56 1.86 2.70

� gure 2). In addition, the TB4A, TB7A, and TB10A
systems possess a second strong absorption band at an
energy corresponding to ~296 nm. The frequency factor

Table 4. Theoretically calculated and experimentally observedFB is calculated by taking these absorption bands at
intensity enhancement for the 1563 cmÕ 1 Raman band in~296 nm for each respective system (see � gure 2). In
terms of the RA , RB and R

I
factors for TB4A, TB7A

order to make an easy comparison of the theoretically and TB10A.
predicted and experimentally observed intensity enhance-

TB4A TB7A TB10Ament, dimensionless factors RA , RB and R
I

are given
as:

lo /AÃ RA RB R
I

RA RB R
I

RA RB R
I

RA =
(FA )2

l0

(FA )2
4 8 8 0

RB =
(F )2

l0

(FB )2
4 8 8 0

R
I

=
Il0

I4 8 8 0

(5 ) 5145 0.67 0.76 0.35 0.68 0.77 0.65 0.68 0.76 0.58
4965 0.87 0.91 0.59 0.88 0.91 0.79 0.87 0.91 0.73
4880 1 1 1 1 1 1 1 1 1and have been calculated for every band at every
4765 1.22 1.15 1.86 1.23 1.14 1.52 1.22 1.14 1.58excitation line under consideration. The n1 mode of
4579 1.76 1.47 3.47 1.71 1.44 2.44 1.74 1.45 3.49

CHCl3 at ~667 cm Õ 1 has been used as an internal 4416 2.65 1.90 2.38 2.49 1.84 5.40 2.56 1.86 2.68
standard to calculate the experimentally observed
intensity enhancement factor, R

I
. Correction for the n4

dependence of the intensity of the internal standard
Table 5. Theoretically calculated and experimentally observedmode has been made separately. The relative intensities

intensity enhancement for the 1195 cmÕ 1 Raman band in
used for the calculations are peak intensities, since the terms of the RA , RB and R

I
factors for TB4A, TB7A

line widths of various bands do not show appreciable and TB10A.
change.

TB4A TB7A TB10AThe values of RA , RB and R
I

thus calculated, are
given in tables 2 to 6 for the � ve most prominent

lo /AÃ RA RB R
I

RA RB R
I

RA RB R
Ibands, viz. 1625, 1594, 1563, 1193, and 1165 cm Õ 1 for

the three compounds. Other bands in the frequency 5145 0.67 0.76 0.35 0.69 0.77 0.83 0.68 0.76 0.58
4965 0.87 0.91 0.68 0.88 0.91 0.89 0.88 0.91 0.91range 1100–1700 cm Õ 1 for all the compounds show
4880 1 1 1 1 1 1 1 1 1
4765 1.22 1.14 1.78 1.23 1.14 1.45 1.21 1.14 1.31
4579 1.77 1.46 2.94 1.72 1.44 2.64 1.74 1.45 2.24Table 2. Theoretically calculated and experimentally observed
4416 2.64 1.89 2.18 2.48 1.83 3.90 2.55 1.86 1.72intensity enhancement for the 1625 cmÕ 1 Raman band in

terms of the RA , RB and R
I

factors for TB4A, TB7A
and TB10A.

TB4A TB7A TB10A similar trends in intensity enhancement. The observed
Raman excitation pro� les (REP) for the 1625 cm Õ 1 band

lo /AÃ RA RB R
I

RA RB R
I

RA RB R
I are shown in � gures 3 (a,b,c) for the three compounds

TB4A, TB7A and TB10A, respectively. Similar band5145 0.67 0.76 0.36 0.68 0.76 0.59 0.68 0.76 0.58
pro� les are observed for other bands, but are not shown4965 0.87 0.91 0.69 0.88 0.93 0.73 0.88 0.91 0.74

4880 1 1 1 1 1 1 1 1 1 for the sake of brevity. We � nd that neither the RA nor
4765 1.22 1.15 1.74 1.24 1.40 1.41 1.22 1.14 1.53 the RB term accounts for the observed intensity enhance-
4579 1.78 1.47 3.20 1.72 1.45 2.55 1.74 1.45 3.85 ment (see � gures 3 (a,b,c) and tables 2 to 6). Interestingly,
4416 2.65 1.90 2.33 2.49 1.84 5.60 2.56 1.86 2.65

for TB4A and TB10A, the intensity enhancement pro� le
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Table 7. Lattice constants of the crystalline phases (afterTable 6. Theoretically calculated and experimentally observed
intensity enhancement for the 1165 cmÕ 1 Raman band in Diele et al. [26]].
terms of the RA , RB and R

I
factors for TB4A, TB7A

and TB10A. Compounds a/AÃ b/AÃ C/AÃ b/degree

TB4A TB7A TB10A TB3A 22.58 5.76 17.59 100.2
TB4A 53.20 5.75 17.57 115.5

lo /AÃ RA RB R
I

RA RB R
I

RA RB R
I

TB5A 58.48 5.70 17.94 115.0
TB6A 64.68 5.63 17.39 116.4

5145 0.67 0.76 0.34 0.69 0.77 0.75 0.68 0.77 0.66 TB7A 32.04 5.62 17.59 99.5
TB8A 73.04 5.59 17.59 90.54965 0.87 0.91 0.64 0.88 0.92 0.86 0.88 0.91 0.93

4880 1 1 1 1 1 1 1 1 1 TB10A 79.34 5.57 17.39 89.0
4765 1.22 1.14 1.88 1.23 1.14 1.31 1.21 1.14 1.39
4579 1.77 1.46 3.25 1.72 1.44 2.57 1.74 1.45 2.92
4416 2.65 1.89 2.02 2.48 1.83 5.60 2.55 1.85 2.00

This leads to the conclusion that the alkyl chains in
TB7A are probably in a cis-form, whereas in the TB4A
and TB10A molecules the alkyl chains are in the trans-shows a peak at the ~457.9 nm excitation line, whereas

for TB7A the excitation pro� le shows the usual mono- form. Again, it is well known that only trans-isomers
are centro-symmetric [25]. From the above discussiontonic pre-resonance increase. In order to visualize the

origin of such an anomaly qualitatively, we subtracted it can therefore be inferred that the TB4A and TB10A
molecules are centro-symmetric, whereas TB7A does notthe contribution of the RA term from the experimentally

observed R
I

term for each line. The residual enhance- possess a centro-symmetric structure.
For centro-symmetric molecules such as all-transment resembles an absorption peak and points towards

the possibility of an electronic state having energies in linear polyenes [27, 28], diphenyloctatetraene (DPO),
and diphenyldecapentaene (DPDP) [29] there exists athese wavelength regions for TB4A and TB10A, see

� gures 3 (a,c). However, the absorption spectra of these lowest singlet excited state known as the 21 Ag parity
forbidden state. The electronic origin of the 21 Ag state,three compounds do not show any band around the

position where the Raman intensity enhancement is being of gerade vibronic symmetry, is inaccessible by a
one-photon process from the ground state (electronicanomalous. Therefore, consideration of such an inactive

forbidden electronic level as an origin of the above absorption spectra) due to the alternate parity dipole
selection rule [19]. However, such origins have beeninconsistency may be wrong due to the fact that only

dipole-allowed electronic transitions can contribute to detected by high resolution � uorescence excitation when
the guest molecule is situated in a symmetry-perturbingthe Raman intensity enhancement [15, 19].

Now the outcome of these observations is interesting environment, such as a Shpolskii matrix [30–32].
The present systems TB4A, TB7A and TB10A arein two ways. First, TB7A does not show the same REP

in comparison with its lower (TB4A) and higher (TB10A) spectroscopically less well investigated, and the required
data are not available. Therefore the presence of a 21 Aghomologues. Second, how would a dipole-forbidden

electronic level contribute to the active electronic state parity forbidden level in TB4A and TB10A can only be
inferred qualitatively from the fact that the moleculesso that the observed REPs can be understood satis-

factorily? In order to understand the anomaly in intensity are centro-symmetric in nature. Generally, symmetry-
forbidden transitions (21 Ag as in the present case) haveenhancement, it is necessary to consider the structures

of these compounds. As explained before, the overall oscillator strengths in the range 10 Õ 3 –10 Õ 2 [32] in
comparison to ~10 Õ 6 for a singlet–triplet transition.structure of the molecules of all three compounds are of

the trans-type. But for a better understanding we wish Strong dipole-allowed states, on the other hand, have
an oscillator strength of ~1.0–1.5 [27]. Due to thenow to consider the single crystal X-ray data of the

TBA
±
A homologous series obtained from the studies of weak oscillator strength, the 21 Ag parity forbidden level

alone could not contribute to the Raman intensityDiele et al. [26] and the data are reproduced in table 7.
A careful examination of these results reveals that for enhancement mechanism [19]. Participation of such

weakly allowed states in the intensity enhancementTB7A, the value of the ‘a’ lattice parameter is less than
that for its lower and higher homologues, and this is a mechanism may be understood by invoking an inter-

ference phenomenon between a weakly allowed electronicmeasurable parameter of molecular length in three
dimensional lattice co-ordinate systems. For the other state and a nearby major active electronic state via

vibrational modes [19]. Theoretically such contri-members, the ‘a’ lattice parameter shows the usual
increasing trend due to lengthening of molecules by butions may be understood by considering the Raman

scattering intensity, which is proportional to |ars |2 , whereaddition of methylene groups to the terminal chains.
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Figure 3. Frequency factors RA , RB , R
I

with scaling to unity at the 488 nm line and R
I
± RA for the compounds (a) TB4A, (b) TB7A,

(c) TB10A.
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ars is the polarizability tensor. The polarizability tensor reduces to
may be expressed by the Kramers–Heisenberg dispersion
relation [19, 33] arr =

1

B G|m
gm

|2 �
nm

7 uÅ |nÅ
m 8 7 nÅ

m
|0Å 8

vn
Õ v0 +iCn

ars =
1

B
�
l
A 7 F |mr |l 8 7 l|mr |G 8

v
l
Õ v0 +iC

l
+

7 F |ms |l 8 7 l|mr |G 8
v

l
+v0 +iC

l
B + |m

gn
|2 �

nn

7 uÅ |nÅ
n 8 7 nÅ

n
|0Å 8

vn
Õ v0 +iCnH (8)

(6 )
where the coe� cients |m

gm
|2 , |m

gn
|2 are proportional to

the corresponding oscillator strengths for the transitionwhere iC
l
is the complex damping factor associated with

from the ground state to the electronic states m and n,the vibronic state |l 8 of energy Bv
l
, Bv0 is the energy of

respectively. Thus, f
mg

= [ (4pmc)/3Be2 )] n|m
mg

|2 , where nthe incident radiation, mr(s) is the total dipole moment
is the wave number of the transition and |m

mg
| is theoperator (nuclear and electronic) in the r(s) direction,

electronic transition moment [36].and 7 l|ms |G 8 is the sth component of the transition
The combination of weakly allowed states to thedipole moment associated with the transition from the

intensity of the Raman excitation pro� les may be under-initial vibrational level of the ground state |G 8 to
stood by considering the Raman scattering intensity whichthe excited state |l 8 . Similarly, 7 |F |mr |l 8 is the rth
is proportional to |ars |2 , where ars is the polarizabilitycomponent of the transition dipole moment associated
tensor. When ars is expressed by the Kramers–Heisenbergwith the transition from the |l 8 excited vibronic state to
dispersion relation of equation (8), it is seen that ‘mixing’the � nal vibrational level of the ground electronic state
cross terms arise, which may reduce or enhance the|F 8 . Moreover, in the near pre-resonance and resonance
Raman intensity. This is due, in part, to the Frank–region of an allowed electronic transition, the � rst term
Condon integrals, for which the sign is a function ofin equation (6) dominates and we may neglect the
displacement parameter.contribution from the second term, the anti-resonance

As an illustration, let us consider |arr |2 obtained fromterm.
the expression which is given by [37]:We next apply the adiabatic Born–Oppenheimer

approximation, whereupon the polarizability tensor ars

in equation (6) becomes |arr |2 = �
i= 1

A2

i
dn2 +C 2

i
+ �

i= l

�
j= 1

2A
j
A

i
(dv

j
dv

i
+C

j
C

i
)

(dv2

j
+C 2

j
)(dv2

i
+C 2

i
)

(9)ars
=

1

B
�
n,m

7 u|[ mr]
gm

|n 8 7 n|[ ms ]
mg

] |0 8
vn

Õ v0 +iCn

(7)

where the sum extends over all vibrational states i,
v

i
and v

j
are the frequencies of the ith and jth states,where [mr ]

gm
; 7 g|mr |m8 and [ ms ]

mg
; 7 m|ms |

g
8 are

components of the pure electronic transition moment, dv
i
= v

i
Õ v0 , A

i
and A

j
are proportional to oscillator

strengths and C
i

and C
j

are damping factors associatedand |0 8 and |u 8 are the initial and � nal ground state
vibrational level, respectively. The sum is over all inter- with ith and jth states.

Furthermore, let us consider a system with twomediate vibrational levels n of the excited electronic
states m. For a totally symmetric vibration of a centro- electronic excited states, m and n, where the oscillator

strength for the state m is much greater than that ofsymmetric linear polyene, only one diagonal element of
the polarizability tensor, arr , need be evaluated [34]. state n; m

gn
& m

gm
. For a given vibrational mode j of the

weakly allowed electronic state m, A
j

will be very small.Since the electronic transition moment is a slowly
varying function of the internuclear distances, it may be Its contribution to the � rst term of equation (9) may

therefore be neglected. The Raman cross terms will thenexpressed as a rapidly converging power series expanded
about the equilibrium position in the normal co-ordinate be the only measurable contribution to the Raman

intensity, which otherwise may not be detectable withinQ0 [19]. The � rst term in the series (known as the A
term) will dominate provided that |(qm

gm
/qQ)0 | % |(m

gm
)0 |. the signal to noise ratio limits of the experiment.

However, the proximity of two electronic excited statesThis will be valid for a centro-symmetric linear polyene
in the pre-resonance or resonance region for a totally is a crucial factor in the determination of the intensity

level for the interference features in the REP. Thissymmetric vibrational mode [35]. In addition, for the
case of a dipole-forbidden state, the need for the second can easily be seen from the cross term expression of

equation (9). If the incident radiation v0 is in resonanceterm (the B term) in the expansion can be avoided by
introducing an empirical value for the forbidden transition with state j then dv

j
= 0 and the maximum contribution

of the cross terms will occur when the separation betweenmoment [19].
Under these conditions, the polarizability expression the two coupled electronic excited states is at a minimum,

since then dv
i

will also be smallest.for such a system with two excited states m and n,
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