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ABSTRACT

CORRELATION BETWEEN SPONTANEOUS RAMAN INTENSITY AND

SECOND-ORDER NONLINEAR RESPONSE

By

Sandjaja Tjahajadiputra

A theory that relates the density B(r,r',r";—(n,(o,0) of a second-order

nonlinear response to the derivatives of the molecular polarizability with respect

to normal mode coordinates has been established by Hunt et al. This suggests a

possible correlation between vibrational Raman intensities and the nonlinear

susceptibility B(-2co;m,m)responsible for frequency doubling. In this work, Raman

scattering experiments have been used to test for a correlation between the

spontaneous Raman scattering intensity and the second-order nonlinear

susceptibility p( - 2m;(o.m) .

The values of the derivatives of the isotropically averaged

polarizability, (EM) and the polarizability anisotropy, ( y'), taken with respect to

normal coordinates for mono-substituted benzene molecules (chlorobenzene,

bromobenzene, iodobenzene, aniline, toluene, and N-N-dimethylaniline) have

been evaluated in this work and plotted versus the molecular hyperpolarizability,

[3. Correlations are found between (5') and (7’) and the [3 values from the

literature sources. The extend of the correlation depends on the vibrational

mode involved.
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Chapter 1

Spontaneous Vibrational Raman Scattering Theory.

1.1. Introduction to Classical Raman Scattering Theory

Vibrational Raman scattering is essentially a vibronic process which

involves the initial, intermediate, and final vibronic states. Under special

circumstances, however, it can be viewed as a purely vibrational process similar

to infrared absorption. This possibility was first exploited by Placzek‘.

Placzek proved that if the initial electronic state is nondegenerate-and the

excitation is off-resonant, the vibrational Raman intensities are given

approximately by the vibrational matrix elements of the electronic polarizability.

Both of these conditions are satisfied for off-resonant vibrational Raman

scattering from molecules in their nondegenerate ground electronic states. The

Placzek polarizability also complements the existing classical theory of

vibrational Raman scattering, in which the oscillating dipole moment induced by

the incident electric field light is affected by the vibrational motions, resulting in

scattering with shifted frequencies.



1.2. Raman Scattering Tensor

The differential Raman cross-section at...“ is defined by? the ratio of the

number of scattered photons NM (per unit solid angle around the direction of

observation k.) linearly polarized in the I. direction, to the number of incident

photons FM (per unit area perpendicular to the direction of the incident light

beam k.) polarized in the I. direction. The unit vectors k, and I, are perpendicular

to each other and so are k. and I,

NMI. 20th,.“ F k1,, (1.1)

The cross-section for any combination of k.l, and k.l. can be expressed in

terms of the nine components of a Cartesian tensor of the second rankz. This is .

the ‘Raman scattering tensor’,

2

16K‘

ak,l,|t,-l, = 0‘ V0( V0 T Vm T Va)3 yams-w...

. (mIRale)<e|Rp|n> (mlRa|e><e|Rp|n>

8”” (n<—m)=; h(v -vm—vo)-il'e +h(V‘-Vn -i~vo)-il',3

  

(1.2)

 

where a p, (ns—m) is the pa component of the Raman tensor for the transition

involving the initial (ml, intermediate (el, and final (n| vibronic states; p and o

are unit vectors parallel to the p and o axes; hvm, hve and by, represent the

energies of Im), Ie) and In) and hvo is that of the exciting radiation; 11“,, is the

damping term introduced to avoid the divergence of Eq. (1.2) under resonant



3

condition. The notation 2' means that (ml and (n| are excluded from the

summation. The first classical derivation of ap,(n<—m) was done by Kramers

and Heisenberg3 and later, quantum mechanically, by Dirac‘. [ Note that is the

Raman scattering tensor component, whereas a,” is a polarizability tensor

component].

1.3. The Placzek Polarizability Theory

The mean square of the Raman tensor components are correlated to the

Raman intensities for a randomly oriented molecular system. To perform an

averaging over all orientations, it is necessary to resolve the Raman tensor {am}

into three partsz,

{am}: {ag,}+{a;,}+{a;,,} (1.3)

where {ago}, {ago}, and {age} are the trace, symmetric and antisymmetric

parts of the Raman tensor the components of which are defined by’

{a;,,}= (ape +aap)—(a§,) (1.4)
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The three Placzek constants 0°, 0’ and G“ are the square moduli of

{3° }, {3:0}, and {afw}, and are given by1
pa

G° =2 a3,

rm

G. =2 a;,, (1.5)
pp

6" =2 32,,

P!

  

which do not change in their values under rotation of the coordinates. The three

Placzek invariants determine the Raman intensities from randomly oriented

systems. .

By use of adiabatic approximations2 to the initial, intermediate, and final

states, Eq. (1.2) can be expressed in a more tractable form related to molecular

energy levels,

|m>=lg>li)

In) =lg>l1) (1.6)

|e) =le>lv)

assuming only transitions between the vibrational substates [i) and [ j) of the

ground electronic state |g). [v) indicates the vibrational substate of the excited

electronic state |e) acting as the intermediate state. The | ) and ( ] denote ket

vectors in the eleCtronic and vibrational spaces, respectively.
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By combining Eqs. (1.2) and (1.6), an adiabatic expression for the

dispersion can be obtained’,

apa(I+—i)=.§g §{(’I<
9 ISZI6)[V_)I:I<EE:IQ>

[I)

oval

,(illg lRplellV)(V](e|R«|9>[f)}

(1.7) -

h( V”, + v,)— iI‘,,,

where hv , and hv 1 are the transition energies for |e)[v)(—|g)[i) and
ev.g

|e>[V)+-|g)[1')-

The Placzek polarizability theory assumes the following two conditions‘:

ev,g

First, the ground electronic state is non-degenerate and second, the energy of

the exciting radiation hvo is so far from the resonance energy hvow, that the

energy difference h( v“, — Va) is much larger than the vibrational energies.

The secondcondition leads to the following approximate relations‘: '

h( v”, + v,)— (rug-(14,8, + v0) (1.8)

and

h(VCt'.gt T VO)—ircv zh(Vao,go - V0) (1-9)

where hvwm is the pure electronic transition energy for (eh—(9|, and the

damping constant 1“,, is usually of the order of the vibrational energies and
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hence is negligible compared with h(V.o,go - v0). Using the completeness

theorem of [v) in the vibrational spaces, I

:[v)(v]=1 ‘ (1.10)

the sum over [v) in Eq. (1.7) can be left out. The new equation is given by2

ap,(j+—i) 5(ilap,|j)

_ (QIR0Ie><e|Rp|9
>+<g|Rp|e>(e|Ra

|g)
(1.11)

pa exg h(v,ogo—vo) h(v,o.go+vo)

 

where a” is the po component of the electronic polarizability tensor“. In Eq.

(1.11), the Raman tensor component am, is given approximately by the ij

vibrational matrix element of a which is expressed by the adiabatic kets with
W

the vibrational coordinates as parameters. Therefore, the Raman process

involving the vibronic transitions | g>[j)(—|e)[v)(—| g)[i) can be viewed as a

purely vibrational transition [j)+—[i).

For a free molecule with no external fields, there are two typical kinds of

electronic degeneracy: first, the degeneracy due to the spatial symmetry of the

electronic Hamiltonian, and second, the degeneracy due to time reversal

symmetry’. However, degenerate states are excluded by the first assumption in

Placzek theory. According to Kramers’ theorem“, all electronic states of a system

having an odd number of electrons must be at least be doubly degenerate



.7

because of time reversal symmetry. Therefore, the ground electronic state lg) in

Eq. (1.11) must be an orbitally non-degenerate singlet state or a non-degenerate

spin-orbit state of an even electron system. Time reversal symmetry implies that

(1) if la) is non-degenerate, (g|R,,|e) must be real, and (2) if |e) is degenerate,

<g|R°|e) can be made real by taking the appropriate linear combinations of the

components of la). From Eq. (1.11), the sum is taken over all degenerate

components of |e), which have exactly the same energy denominators, from the

earlier discussion, by taking proper linear combinations of (g|R°|e) and

<e|Rp|g> that are real, (g|RO|e><e|Rp|g> can be made real. Thus, the

polarizability tensor {aw} is real and symmetric if the first assumption in

Placzek theory is implied.

1.4. Conclusion

Eq. (1.11) gives the formal expression in the Placzek polarizability theory.

Under off-resonant conditions, the Raman tensor {am (j<—i)} is approximated

by the vibrational matrix element of the electronic polarizability tensor {aw},

which is real and symmetric given that |g) is non-degenerate. Consequently, the

Raman tensor itself is real and symmetric within the framework of the
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polarizability theory. This leads to the conventional polarization rule of

vibrational Raman scattering, in which the values of the depolarization ratio p

are limited to OSpSO.75. I

The extension of the polarizability theory to degenerate ground electronic

states has been discussed by various authors"12 and is not treated here.
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Chapter 2

Relationship Between the Spontaneous Raman Intensity and the

Second-order Nonlinear Response

2.1. introduction to Nonlinear Optical Susceptibility Theory

Nonlinear optics covers a wide range of applications - this field deals

with the nonlinear interaction of light with matter. All nonlinear optical processes

involve light-induced changes of the complex dielectric response. of a medium. In

each nonlinear optical process, an intense electric field induces a nonlinear

response in a medium, which reacts modifying the optical fields nonlinearly.

Electromagnetic phenomena are governed at the electronic level by the

Maxwell’s equations for the electric and magnetic fields E(r, t) and B(r, t)‘,

v =———
XE lam

16E 41!
V =—— —

x8 0 6t+ c J (2.1)

V-E=41rp

V-B=O .

where J(r, t) and p(r, t) are the current and charge densities, respectively.

charge conservation implies the equation of continuity',

69
v. ——= . .J+m o (23

1O
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One can expand J and p into series of multipolesz,

5P 0"

J: — V M — V-Jo+ at +c x +at( Q)+ _ (2.3)

p=po -V-P—V(V-Q)+...

Here P, M, and Q, are the electric polarization, the magnetization, and the

electric quadrupole polarization, respectively. In many cases, it is more useful to

use J and p directly as the source terms in the Maxwell’s equations, or to use a

generalized electric polarization, P, defined by’,

6P
J=J — 2.4

where J, is the dc current density. “The generalized P reduces to the electric-

dipole polarization P, when the magnetic dipole and higher order multipoles are

neglected. The difference between P and P is that P is a nonlocal function of the

field and P is local“.

With Eqs. (2.2) and (2.4), Maxwell’s equations appear in the formz,

V E 16B

x =—-—

c at

V B-l-a—(E 4 P) 341.1
X -00"! + II + C a (2.5)

V-(E+47rP)=O

v-B=o

“where P is now the time-varying source term. In general, P is a function of E that



12

describes fully the response of the medium to the field“.

'The polarization P is usually a complicated nonlinear function of E. In. the

linear case P takes a simple linearized form given by“,

P(r,t)=_I: x‘” ( r—r.',t—t') -E( r',t')dr'dt' (2.6)

(I)
where x is the linear susceptibility. The medium is assumed to be invariant, in

obtaining Eq. (2.6), and 'if E is a monochromatic plane wave with

E(r,t)=E(k,m)=9(k,to)exp(Ik-r-itot), the Fourier transformation of (2.6)

yields’,

P r,t —)P k,a)( )=1“(’(k,:i)-E(k,w)
(2.7)

with”,

x‘”(k,m)=_I:x“’(r,t)exp(-Ik-r+icot)drdt (2.8)

The linear dielectric constant 3( k,a)) is related to 1‘” ( k,a)) byz,

e(k,a))=1+41txm(k,co). (2.9)

in the linear dipole approximation, 1‘”( k,w) is independent of r, and hence

both 1”’(k,w) and £(k.w) are independent of k. This applies for

homogeneous medium, treated at the macroscopic level, but not on the

microscopic level.
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In the nonlinear case, when E is sufficiently weak, the polarization P as a

function of E can be expanded as power series in E given byz,

P(r,t)=I:x"’(r-r',t—t')-E(r,t')dr'dt

+_I:x‘” ( r-r,,t—t,; r—r2,t—t2):E( r,,t,)

xE(f2,I2)df1dtdfzdt

I” x“) (r-r,,t-t,; r-r,,t—t,;
+

“°° r-r3,t—t3)EE(r,,t,)

xdgmdgmmmmmmm

+...

(2.10)

where X” is the nm-order nonlinear susceptibility. If E can be expressed as group

of monochromatic plane waves E( r,t) = ZE( k,,co, ), then Fourier transformation

of (2.10) yieldsz,

P( k,w)=P"’( k,w)+1>“~”( k,w)+P‘3’( k,w)+... (2.11)

with

Pm(k,w)=z“’(k,w)-E( k,a))

Pm(k,w)=zm(k=k,+k,,w=a),:twj):E(k,,w,)E(k,,a)1)

(2.12)

P") ( k,a))-fzm( kzk, +15 +k,,w=a), in), m)

:E(k,,w, )£(k,,w,)1=:(k,,w,)
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and

‘x("’(k=k,+k2 +...+k,,,oa=o),+co2 +...+co,,)

=J:x"”(r-r1,t-t,;...;r-r,,,t—t,,) (2.13)

xe"l"*‘ "“‘i‘ "'i ’*"°*"~‘ 1-..,1 "'~ ’1 dr, dt, ...dr,, dt,,

Similarly, in the electric dipole approximation, XI") (r,t) is independent of r,

or x‘"’(k,w) is independent of k. The linear and nonlinear susceptibilities

characterize the optical properties of a medium. Physically, 1‘") is related to the

microscopic structure of the medium via the nonlocal polarizability density.

2.2. Static Nonlocal Polarizability Density Theory

Nonlocal polarizability density theory characterizes the molecular"

response to a local field, on a microscopic level. The nonlocal polarizability

density a(r,r') is a linear-response tensor that determines the electronic

polarization induced at point r in a molecule, by an external field F‘, acting at

point r'. The electronic polarization satisfies‘

p(r)=-V-P(r) (2.14)

exactly; within a molecule, there is no ‘free’ charge, and P accounts for the

higher multipole charge densities, as well as the dipole density. Then P
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corresponds (on the microscopic level) to the generalized polarization of the

previous section. This relation also holds for the polarization and charge density

operators, P( r) and [2( r).

Hunt3 has shown that, for a molecule perturbed by a static external field

PM the total polarization of the electronic charge distribution is related to the

nonlocal polarizability density a(r,r') and the hyperpolarizability density

fl(r,r',r') by

P(r)=P‘°’ (r)+Idr'a(r,r' )- F’ (r) .

+y2jdr'dr"/i(r,r',r")l='(r')F(r")+... (2.15)

=P‘°’(r)+P‘"“(r)

where P‘°’ ( r) is the static polarization at r with no external perturbation.

As shown by Hunt”, Hunt et al.‘, Maaskant et al.7, Hafkensheid et al.”,

and Keyes et al.”, the nonlocal polarizability density a( r,r') determines the

linear response to the field E, and the expression for the ground—state

polarizability density in terms of the sum-over-states formulation is3

Pa(’r)lk><klf’fi(r')|0>

(Elk-£0)

 
 

. o

a,,,(r,r')=g,,,,2,< (2.16)

where Cap symmetrizes the expression with respect to the indices of the
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operators Pa(r) and P,( r'). The prime on the summation indicates that, in

summing over the states k, the ground state is omitted.

Similarly, the expression for the nonlocal hyperpolarizability density

,6(r,r',r') is3

flaflr I r,r',r')

I <0

Wis... “alrllflljlmlr'llwhen)
(Ej—Eo )( E,-E,)

fi.(rl|0><0|f1(r')lkllklilr')Oil

(Ek_E0)2 I '

Hunt has shown that the derivatives of molecular properties with respect

  

O> (2.17) 

  
 -2“

to the nuclear coordinates depends on nonlocal polarizability densities. When a

nucleus changes its coordinate via an infinitesimal vector 6R’, there are two

contributions to the change in molecular dipole moment; the first is due to the

nuclear displacement and the other is due to the electronic response. This

change in the nuclear coordinates also changes the electric field 1" at the point r

(r-R‘)
l3

lr-Rl

(r-R‘).
|r-R' [3 +2l Tafi(r—R‘)5R'fl+...

=f”°) +§fl +...
a a

due to the nucleus I from Z‘ to11

r; =z'
(2.18)
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where fa“) is the field due to nucleus I in its original coordinate. The electronic

charge distribution responds to the change 5f; via the nonlocal polarizability

density a( r,r'). At lowest order, the change in the electronic polarization 5P(r)

due to the shift 6R’ is‘1

5P, (r)=jdr'a,,(r,r')6f; (r') ' (2.19)

Using Eq. (2.19), one can find an expression for the change in electronic charge

density6p( r) induced by the shift 6R’ ; with Eqs. (2.15), (2.16) and (2.18):11

5p(r)=J' dr'zI V}, V; |r'—R’|'1 5R;

xz,[<0|fi(r)|k><k|133(r')l0>+<0|Pfl(r')lk><klfy(r)lo>] (2.20)

k . (E, 7 Eu) 1

where V; denotes the derivative with respect to ref.

Equations (2.18) and (2.19) imply11

5P(r)=jdr'a(r,r')-z‘7(r',R‘)-5R‘ (2.21)

to the lowest order in 6R‘. 1

The electronic contribution to the dipole moment is the integral of P(r)

over all space. Using equation (2.21) and adding the nuclear contribution gives11
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an, _ 6,11; + 3p;

5R; ’ 512; 512; (2.22)

=Z16¢ +ZI Idrdr'aafi (r,r') Tm (r,R')

  

It also should be noted that the nonlocal polarizability’density has the

Born symmetry‘°' 1‘

aw(r,r')=a,,a(r',r). - (2.23)

_ - a

It is also possible to establish a relationship between Elia—I and 6f‘.

Suppose that a perturbing field PM is applied to a molecule; then the effective

nonlocal polarizability density changes from the unperturbed value a( r,r') to"

an", ( r, r')=aafl ( r,r’)+Idr" 1640,“: r’,r') F;( r")

+%Idr-dr-yw( r,r’,r',r')F;(r') F;(r~) (2.24)

+...

where ym6(r,r',r',r') is the second hyperpolarizability density. An infinitesimal

shift of nucleus 1 induces a response of the electrons to the change in the field

51” via the nonlocal hyperpolarizability densities11 - that is, the effect due to the

internal perturbation bf‘ cannot be distinguished from the effect of an external

perturbation F' of the same spatial variation. Therefore,

61:“, ( r, r')=aafi( r,r')+Idr' flaw“, r',r")Z‘ 7'r,,(r",RI )flt;

+...

(2.25)
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The effective electronic polarizability is the integral of a;fi(r,r') with

respect to rand r' over all space. As a result, when a nuclearposition in a

molecule shifts infinitesimally, the change in a( r,r') is connected to the same

hyperpolarizability flafl,(r,r’,r') that describes the electronic charge

distribution’s response to external fields by11

56!p,

are;

 =Idrdr'dr' flw(r,r’,r')Zl T&(r',RI) (225)

These results show that, when the nonlocal polarizability densities are

known, one can determine the dipole moment and polarizability derivatives with

respect to the nuclear coordinates. A change in position, however small, of the

nucleus will cause a change in the field on the electrons due to that nucleus.

aafir

an}, '

 

Using Eq. (2.26), one can perform a direct electrostatic calculation of

where all of the quantum mechanical effects are embodied in the functional

forms of the polarizabilities densities.

2.3. Frequency Dependent Nonlocal Polarizability Density Theory

Hunt at al.12 were able generalize on the static nonlocal polarizability

density theory to the frequency-dependent case.
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The induced electronic polarization P“(r,cu), caused by a frequency-

dependent external field F(r,m) depends on the polarizability density a(r;r',w),

the hyperpolarizability density )6 (r;r',w',r',w'), and the other higher-order

nonlinear response tensors12

P“(r,o)=_Idr'a(r;r',cu)-F(r',m)

+-;-I:dm’Idr'dr'B(nr',co-tu',r',u)'):F(r;r',w—u)') P(r',m') (2.27)

+...

Just as in the static case, the induced polarization, P“(r,co), is related to p‘""(r,oo)

by”

v. P“ (r,w)=— p“(r,w). (2.28)

The frequencypependent polarizability density for a molecule in the

ground state is given by”

a¢(r;r',a))

=[1+C(w—)—a))]<0 (2.29)
 

Pa(r)G—(w)Pfi(r’)|O)

The equation is valid when the frequency co is off-resonance with

molecular transition frequencies, C(co—)—a)) is the operator for complex

conjugation and replacement of (l) by - (t). (7( w) is given by12

G’lw)=l 1- nllH-Eo—hw)"(1— n). (2.30)
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where (do is the ground-state projection operator |0)(0|. The nonlocal

polarizability density fully determines the electronic charge redistribution linear

in the perturbing field F(r,co). Integrating a(r;r',0)) over all space with respect to

r and r' gives the dipole polarizability a(w), but moments of a(r;r',a)) also

yields all of the higher multipole, linear response tensors’.

Similarly, the hyperpolarizability density fl(r;r',w',r',a)') gives the

polarization induced at r by the lowest-order nonlinear response to a field of

frequency to’ acting at point r' and a field of frequency to" acting at r

Integrating flap, (r;r',a)',r',a)') with respect to r, r' and r" over all space yields

flap, (w',a)'), while moment integrals of flap, (r;r',a)',r',a)') yield all of the third-

order higher multipole susceptibilities. When u" is zero, the expression for the

hyperpolarizability density is given by”,

flap, (r,r', m', r",0) =

[1+C(asWM0.1"(file)[i,(r")-P3°(r")]5(w)f’i(r')l0)

+(0‘W)()[pV-Pl)3°r()]5(0)f’,r"0()|)

+(0lMr")5(w)[i.(r)-P2°(r)]5(wP)r.r(10>}-

This equation is derived by analogy with Eq. (43b) in Ref. 13. Also,

P§°(r)=(o P

 

 

 

 
r)|o) , and similarly for pg°(r') and Pf°(r~).
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Hunt at al.“ proved that the change in polarizability density due to a

change 8f' in the internal field from nucleus I is determined by the same

hyperpolarizability density flaw, (r; r',(o',r', (0') that fixes the response to external

fields.

When Eq. (2.29) is differentiated with respect to Rfi, the result is1

60¢(r;r',a))
 

  

 

 

  

i 30 . _. . ,
51%, =[l+Cjw—>-w)][<a—&—, Pa(r)G(w)Pp(r ) O> .l (2.32)

+<O f’a(r)é:—§:,)—)f’fl(r')
0>+ <0 f’a(r)G-(w)lsfl(rv)laé’1;>’l

The derivative of the ground state with respect to any arbitrary parameter

n in the Hamiltonian is"

50 __ 5H
E>=-G(o)% o) (2.33)

and the derivative of the operator 5(a)) is given by”

 

56(0)) =—§(0)) dH‘Eo) 5(0))

an an

+afielelelohelomlefl’ie. (234)
an an

To obtain the derivatives needed in Eq. (2.32), one uses Eqs. (2.33) and

(2.34) with an;. The change in the Hamiltonian due to the shift 6R; is given

by
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.61
(mi =Ier’Vilr-R’l i5(r) (2.35)

where Vi represents 31%" As in the static case, 35—1ng can be written in terms of

the polarization operator f’( r). Using Eq. (2.15), integrating by parts with respect

 

to r, and recalling that Valr — R‘lq = — Vf, |r — R’l4, Eq. (2.35) becomes12

3%: — Idr" zI f’5(r")Tfl(r",RI) (2.36)

Combining Eqs. (2.31), (2.32) - (2.34), and (2.36) the resultant equation12

aafl'gézr"w) =Idr",6fi,5(r;r',a),r",0)ZI T&(r",RI) (2.37)

where Zl is the charge on nucleus 1 and T&(r',R‘) is the dipole propagator.

When there is a shift 6R‘ in the position of nucleus 1 there is also a change in

the nuclear Coulomb field acting on the electrons; this equation proves that the

resulting change in polarizability density is determined by the same

hyperpolarizability density that fixes the response to external fields.

The derivative of the polarizability aw(w).with respect to the normal-

mode coordinate qv is given by a linear combination of the derivatives in Eq.

(2.37)”,



gawk") = 50¢(a’) 5R: . (2.38)
  

The Raman intensities are dependent to the matrix element (i]ap, [j)

Expanding ap, as a function of the normal mode coordinates, about the

equilibrium position (denoted by the superscript °),

5a

apa=a-p,({ql})+; axle (anal)

2

$2 23 0:, :1; lo(q.-q°.)(q..—q:.) (2.39)
v v’

 

 

+...

Then the matrix element becomes

 

 

(i]a,,.,[j) =a...({a:}) (i][j) +22" lo (i](q.—q:)[1)

+%Z Z :x’wlo (i](c7.—q°.)(q.. ~q‘L)[1) (2-40)

+...

The vibrational states are orthonormal, so for is: j , the first term on the right

hand side vanishes. The third and higher terms correspond to vibrational

overtones, which are neglected here. Then,

66:M

617v

 

(ila...[1) a Z In (i](q.—q:)[1). (2.41)

So the electronic property that determines the intensity of vibrational Raman
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scattering is the derivative of the polarizability with respect to the normal mode

coordinate, within the approximation made here.

2.4 Relationship Between Raman Intensity and the Hyperpolarizability

Density

, aafir(r;r',a))

Equation 2.37 relates 0R, to ,6(r,r',co,r",0). Integrating over all

5%,

 

space with respect to r and r' yields an equation that relates to
I

a

,6(r,r',a),r",0). It requires comparatively few assumptions; the chief requirement

aa

is that the Bom-Oppenheimer approximation be valid. Connecting j?— to the

Raman intensity requires assumptions of Placzeks’s Theory. Subject to these

conditions, the connection between Raman intensities and fl(r,r',a),r",0)is

quantum mechanically rigorous.

This suggests the possibility of a correlation between Raman intensities

and the [3 hyperpolarizability tensor that gives rise to frequency doubling (as a

nonlinear phenomenon). The frequency-doubling intensity depends on ,B(w,w) ,

which can be obtained by integrating the hyperpolarizability density
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,B(r,r', w',r", (a) :

p(m,m)=j fi(r,r’,w,r",w)drdr'dr". (2.42)

There are two differences between the integral expressions for ,6(co,a))

5a,,

az‘ '

 

and for

1. The frequency dependence of the hyperpolarizability density

aaflr

differs; for fl(a),co) both frequencies are optical, but for 5R,

one frequency in the hyperpolarizability density is optical while

the other is zero.

2. The spatial integration has a dipoleopropagator weighting factor

flap,

 

for while there is no weighting factor in the integral for
I

,6(w,co). A molecule may have a large hyperpolarizability

5a

density and hence a large values of OR? , but a vanishing B

a

 

due to symmetry.

For these reasons, the theory does not yield a precise relation between

Raman intensities and ,6(w,w); however, it does suggest that a correlation may
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exist. Experimental results and a literature survey to test for correlation are

discussed in Chapter 3.

2.5. Conclusion

Equation (2.37) gives a new physical interpretation for integrated

intensities of vibrational Raman bands, by showing that the band intensity

depends on the response of the molecule to the change in the Coulomb fields of

the nuclei via the B hyperpolarizability density. In Refs. 3 and 6, methods of

finding required components of a(r;r',0) are illustrated. With sufficient

information on ,6 (r; r', (0’, r',0), it should be possible to distinguish the regions of

the electronic charge distribution that contribute the most to the vibrational

Raman band intensities of isolated molecules. The dipole propagator tensors

5005(0))
—a_R‘_ weight the regions nearest to nucleus 1”. This behavior

7

appeanngin

supports additive approximations if ,6 (r;r',a)’,r',0) is largest for small |r—r'| and

|r—r")
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Chapter 3

Experlmental Correlatlon Between Spontaneous Raman Scattering

and the Second-order Nonlinear Response

3.1. Overview of the Theoretical Parameters Used

Theories of Raman scattering with changes in the molecular vibrational

state have been proposed by Behringer‘, Shoryginz, Van Vleck3, Placzek‘, and

Albrechts. However, the work of Peticolas et al.6 will be used in our discussion. In

spontaneous Raman scattering, an incident photon of frequency (01 is annihilated

and the photon of frequency (02 and the phonon of frequency cov are created.

wvzwpwz (31)

where the transition probability of such a process can be found's'7 by third-order

perturbation theory.

The interaction Hamiltonian between the molecular electrons and the

radiation field is given by“9 -u- E, where p is the dipole moment operator and E

is the electric field strength operator. The interaction between the electrons and

a molecular vibration is represented by (—”'1Q, where H is the Hamiltonian of

5Q

the electrons and Q is the normal coordinate of the molecular vibration. The

29
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subscript 0 means that the derivative with respect to Q is taken at the

equilibrium position of the nuclei.

The differential Raman scattering cross section per molecule per

steradian in a liquid is given by‘°,

(21.7345 (0):) / a (01W2 (%j . (3.2)

. x(h(i7+1)/2w,)R(-w,,m,,w,)2L
  

where e(co1) and e(co2) are the dielectric constants of the liquid at m, and (02,

respectively, c is the velocity of light, 17=[exp(ha)/kT)-l]-l is the average

quantum number of the thermally excited vibrations of normal mode Q, L is the

local field correction factor, and R(—cal,a),,a)v) is a matrix element which is given

by".

R(— (01,602, 0),.)

a'Xa' la. 11 M
  

(g'le. I: II? X3 (33-)

= §{ (5,90 —ha)2)(Eago 4m.)

($3)

(5,0 .I...)(E:,o +....)

+ fourotherterms}

 

(3.3)

(9191 1‘ W X5 “X“. '92 '9 IQ. >

  
 +

where e. and e; are the polarization vectors of the incident and the scattered

light, 3', a', and B' are the electronic wave functions of the ground and excited

electronic states, and EJ and Eog° are the energy differences between the
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excited and the ground electronic states without coupling to the molecular

vibration.

When Q is a totally symmetric vibration, Kato et al.11 assumed that the

diagonal terms of (2.11] should dominate over the off-diagonal terms. Since

Q o

[aHI]

Q o

the last four terms in (3.3) become zero.

(g .)=(Z%|Qflsflj = o (3.4)

  

Thus, R(—q,m,,w,) is given by“

R("wl ’wz’wv)

= , 2[(E”0)2 +7160, 602] (3.5)

“' [(E..°)2-(ha1)2][(E..°)2-(ha5)2]

(3%].

where the wavefunctions are assumed to be real.

 

  
x (g'lezfl '0' X0 a'Xd lei/1 '8' >

The electrons localized on a molecule in a liquid interact with the local

field which differs from the macroscopic field due to the polarization of the other

molecules in the liquid. Using the results of Armstrong et al.12 and Eckhardt et

al.“ and treating the radiation field classically gives the local field correction

factor11

L: {[£(w() +2]/3}2 {[£(a)2) +2]/3}2 (3.6)
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Furthermore, when the incident and scattered light have the same

polarization, R(-w,,a)2,co,) is equal to the squared polarizability derivative

(E')2+(;§)(y')2, where (67') and (7') are the average isotropy and the

anisotropy of the derived polarizability tensor with respect to the normal

coordinate at the equilibrium position.

3.2. Experimental Results

For our experimental study, we require a group of molecules that exhibit

good Raman scattering intensities. For our purposes, we chose to use a set of

mono-substituted benzenes. Besides being readily available, this particular,

group is known to possess a strong Raman scattering character. All chemicals

were purchased from Malinkrodt Chemical Company.

For a Raman scattering phenomenon, we can express the depolarization

ratio in terms of the derivation of the polarizability tensor associated with the k'“

normal mode (where k is arbitrary). The relation is“,

 

67:2

.. z . 3.7

p 45(5’)2 +77'2 ( )

The matrix element2 is

_ 4
|R|2 = ( a ' )2 +(-4—5-)(y’)2. (3.8)

Combining Eqs. (3.7) and (3.8), we obtain



IRIZ =——— a (3.9)

By use of Eq. (3.9), tedious mathematical expressions otherwise needed

to evaluate the matrix element can be avoided. Also, by combining equations

(3.2), (3.6), and (3.9), assuming that the dielectric constants are approximately

equal (81 a: $2) and also directly proportional to the square of the refractive index

of the molecule, we obtain

/ \

(WI-(64 ),[(nzi12)2]lil
 

pa

xlzf-éfi-olléé)

  (3.10)

Similarly,

 

(r')2=[ 6—4§p,)[(nzi12)2][50:]4

x [h::;1)](g%)

To obtain the values of (c?)2 and (y')2, we need to find the values of the

(3.11)

 

depolarization ratio and the scattering cross-section.

The values of the depolarization ratio can be obtained experimentally,

- 4

ma1
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p = -1,(%)+11,(%) (3,2)

" ”472% *I-(Vz)

where .L is an abbreviation for perpendicular and I is an abbreviation for parallel.

'I.(%) denotes the radiant intensity of scattered radiation plane-polarized

parallel to the scattering plane and propagating along a direction in the

scattering plane making an angle (7%) to the direction of the incident radiation

plane-polarized parallel to the scattering plane.

In our experimental study, we used a CW Argon ion laser, with a 488 nm

excitation wavelength and the schematic layout shown in Figure 1. A 1-cm

pathlength cuvette was used as the sample holder.

The first experiments that were carried out yielded the average cross-

sectional area for the mono-substituted benzene molecules (chlorobenzene,

bromobenzene, iodobenzene, toluene, aniline and N-N-dimethylaniline) using

benzene as the standard. Table 1 summarizes the values obtained and

calculated, for the respective normal mode, from these experiments.

Figures 2 to 7 show the various bands intensities as functions of the

polarization of the radiation field. In order to calculate the intensities, a peak

fitting module program, called Origin, was used. The Origin peak fitting module

is primarily designed to analyze data with many peaks. The kernel of the module

is the Levenberg-Marquardt non-linear least-squares curve fitter, the Lorentzian

fitting function had been used‘s,
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__2_A, w
y 7’ 4(x-xc)2+ca2

 

(3.13)

where xc is the center of the peak, A is the area and a) is the full width at half

maximum.

After determining the values of the intensities, the rest of the calculations

were doneusing the equations given above to obtain the values of (a?)2 and

(7')2, and thus (6') and (7') . These values are tabulated in Tables 2 to 7.

There are differences in the values of the intensities with different polarizations

because laser power used is different from day to day.

In the case of N-N-dimethylaniline, there are only four possible modes

that can be observed because N-N-dimethylaniline fluoresces after sometime

during the experiment; and hence, peaks that are located in the lower Raman

shift frequency (less than 400 cm") are harder to determine due to the

fluorescence effects.
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Figures 8 to 27 show the graphs of (61") and (y) plotted with respect to

the hyperpolarizability, B. The values of the hyperpolarizability, B, in figures 8 to

17 are taken from ref. 16 whereas in figures 18 to 27 the values are taken from

ref. 17. The one main difference between these two references is that in ref. 16

the value of aniline is tabulated and in ref. 17 the value of N-N-dimethylaniline is

tabulated.

3.3. Conclusion

Data in their current form show a definite correlation between the Raman

intensities and the B hyperpolarizabilities of the species and vibrations studied.

There are strong correlations between B and the derivative of the

isotropically averaged polarizability with respect to vibrational mode #2 in this

work, based on either set of data for the B hyperpolarizabilities. R values for the

straight line fits are ~ 0.97 in one case and ~ 0.96 in the other. A relatively high

level of correlation between (5'), and B is observed for B values from the first

set of literature data, and vibrational modes i = 1 to 4 (R ranges from ~ 0.87 to ~

0.97), and moderate correlations are found for (7'), and B, i = 1 to 5 (R ranges

from ~ 0.68 to ~ 0.88). Generally. correlations are weaker based on the second

set of B values from the literature, although even in this case, for particular

modes and particular choice of isotropic vs. depolarized Raman scattering, high

R values can be found (R ~ 0.96 and 0.92 in two cases).
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To determine the validity of the correlations and to determine whether

differences in R values between modes and between a and y derivatives are

chemically meaningful. it will be necessary to obtain highly reliable data on the

Raman intensities and to discriminate among literature values of B.
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Figure 8. Graph of (6'), vs. B.
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Figure 10. Graph of (62")3 vs. B.
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Figure 12. Graph of (a?)s vs. B.
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Figure 14.

Figure 15.
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Graph of ( y')2 vs. B.
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Figure 16. Graph of ( M4 vs. B.
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Figure 18. Graph of (6')1 vs. B.
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Figure 19. Graph of (5')2 vs. B.
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Figure 20. Graph of (E’)3 vs. B.

 

 

 

    
 

 

 

 

 

 
 

Paramovmou

8- 00320010013022» u

800402420030701 ceHsNH

:3 R -0.00040

'3 . so-1.0405.r4-5

E P3022901

I: 3 T
O

1-

X

v

n

a

‘5 4-

2 E
‘ CGHEII

I T T T I T T I

0 2 4 6 6

Beta (x 104°m4 V”)

Figure 21. Graph of (5'), vs. 13.

PaanValuDsd

1101277730002013 El

4 _4 800.203030019300 CsHsNHZ

:8 R -0.04505

'5) so - 11500. N - 5

E P-O.23929

o

"P

o

1-

X

V

T 2 ‘ c H c1 /'
a 5 /’f

.5:

3 EC H I
< QICGHsar 5 5

I T T T 1 T T T

0 2 4 6 8

Beta ( x 104°m4 V")



71

Figure 22. Graph of (01")5 vs. B.
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Figure 24. Graph of (y')2 vs. [3.
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Figure 26. Graph of ( y')‘ vs. B.
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Chapter 4

Future Work

4.1. Extension of These Experiments

In our earlier experiments, we have obtained (2?) and (7') for 5 modes

of six monosubstituted benzene molecules. However, to test more adequately for

a correlation between Raman intensities and hyperpolarizabilities, additional

data are required.

We have propose to continue this experiment using other species with

known [3 values that can also be easily handled in the lab.

Calculations on two particular molecules (bromobenzene and N-N-

dimethylaniline) from the earlier experiments need to be redone. The data from

bromobenzene did not give a satisfactory result; and N-N-dimethylaniline

fluoresced during the experiment making it difficult to obtain a ‘clean’ spectra.

What we have proposed is to use the Ti-Sapphire laser to obtain a better

spectra in the case of N-N-dimethylaniline.
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4.2. Computational Calculation on the Hyperpolarizability Density in a

Non-uniform Field Environment

In the 1960s, Lipscomb et al."5 proposed a set of computational

calculation on molecular properties based upon a perturbed Hartree-Fock,

calculations. Lipscomb et al. solved the limited basis set Hartree-Fock problem

in the presence of a perturbation term in the Hamiltonian to obtain the first-order

perturbed wavefunction, in a uniform field. They then applied the formulation to

the calculation of electric polarizability, magnetic susceptibility, and magnetic

shielding all in an invariant and uniform electric field environment.

What we propose to do is to compute the exact kind of calculation but in a

non-uniform electric field environment.
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