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Intramolecular Dynamics

The quantumchemical role of nuclear motion in
experimental spectroscopy on excited states

or

How does a spectroscopist get the maximum out of his
measurements ?

- Decouple electronic and nuclear movement
Change of harmonic force fields and molecular
geometry upon excitation

- Couple electronic and nuclear movement
Vibronic coupling

- Breakdown Born-Oppenheimer approximation
Non-Herzberg-Teller intensity
Radiationless decay in isolated molecules

soee

What does the experiment learn from theory
and what does theory learn from experiment ?




Transition intensity of one-photon transition between two
rovibronic states is given by
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v,(R) and y.(#R) are orthonormal solutions of the

electronic Schrodinger equation so second term falls away,
while the first term can be written as
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Separation of rotations from nuclear wavefunctions
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neglect of rotation-vibration interactions, and assumption of
equal rotational wavefunctions leads to the conclusion




Transition intensity determined by vibrational overlap
integral

Sx‘;(au Xo (@) dQ

Vibrational wavefunctions are obtained by solving
approximated Schrddinger equation for nuclei

Summary to define symbols

1. Calculation second-derivative matrix f with elements

by = (—-az" )
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2. Diagonalization mass-weighted force constant matrix

*  with M diagonal matrix of
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atomic masses

3. Diagonalization F gives set eigenvectors L; and vibrational
frequencies v,

CELe ) < FL = L Gano)?

4. Relation normal coordinates Q and Cartesian
displacements 6R

M? gR = Lq




The vibrational wavefunctions »”(Q) are given within the
harmonic approximation by the product of harmonic
oscillator functions
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with Q; = w;/h and H,,, a Hermite polynomial of
order m;
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in which m; is the number of vibrational quanta in mode i

Define now
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in which a is a scalar and X a vector
u dimension vibrational space

Define Q as diagonal matrix with elements
Qi = wi/h

Define Q as p-dimensional column vector of normal
coordinates




The vibrational wavefunctions can now be written as
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in which m and n indicate how many quanta are in each
mode

m = (mn",‘z:"“ L M)
l. number of quanta in mode 1 state g
L number of quanta in mode 2 state g

Calculation of vibrational overlap integral thus amounts to
calculation of

Tlmn) = § x'; (@y) X, (@,) dQ,

N.B. Integration variable can be either Q, or Q..
Both form complete set within
vibrational space




It is clear that vibrational overlap will be determined by
form of potential energy surfaces

If frequencies and geometry remain the same on electronic
excitation, there will be no change in vibrational
wavefunctions (m=n)

On the other hand: if there is vibrational structure in
absorption or emission spectra, this indicates the presence
of changes in frequency and, in particular, geometry. A
quantitative interpretation of the intensity distribution thus
provides valuable information on these changes, which in
turn can be related directly to the electronic characteristics
of initial and final states

There are two fundamental problems in the calculation
of Tem,n) = FXT () Xe (B dQRe

1. x4 and y, are functions of two different
variables (Qg and Q.)

2. Qg is defined with respect to @y,
Q. with respect to Q2

Look for transformation between Q, and Q. that takes both
aspects into account




F. Duschins@y, Acba Physicochim. URsS % , 58! (tga})
Q% = lQe + b

in which J is an orthogonal matrix that describes a rotation
in hyperspace defined by the normal coordinates, while A
describes a translation resulting from the difference in
equilibrium geometry

Problems are in calculating the Duschinky matrix ]

Many methods based on assumption J=1, so no
difference apart from difference in origin

C.ManneBack , Physica 13, 101 Cigsy)
Complete calculation diatomics

TE. Shorp and HM, Rosenstec® , . Chem. Phys. 41, 3453 (1g6a)

Calculation polyatomics in terms of internal coordinates
S% 2 Se + R met Re= R:-R;

Assumption: S=LQ with L transformation matrix
between internal and normal coordinates, so no
transformation between normal coordinates and
Cartesian displacements




Important: S=LQ is only valid for small values of Q because
transformation is not linear. Large geometry changes lead to
incorrect results

A. Woeshel and M.Moxplus, Chem. Phys. Letkezs 13, 3 (1g32)

Consider problem in Cartesian coordinates. In Cartesian
reference system a finite vector ARP to an arbitrary point P
can always be expressed in terms of Q, or Q.
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in which 8= M" (&,- Ry) and R are Cartesian coordinates

Because this holds for an arbitrary point we
can write that:
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Problem: relation L,Q,=L.Q.+5 not uniquely defined.
Molecular potential invariant with respect to rotations and
translations of Ry and R2. Changes in geometry must be

expressed in terms of only the normal coordinates

L%Q% = LQTQQ -+ 8

L and Q without rotational and translational components
a. Choose center of mass equal for R§ and R

b. Meet static Eckart condition
C.Eckatt , Phys. Rev. 43, 552 Uig3s)

Make sure that 6 does not induce angular momentum
with respect to axes ground state
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Solving these equations gives three Euler angles
over which the geometry of the excited state
must be rotated




Calculation multidimensional overlap integral I (m,n)

Various approaches

a. Generating functions Hermite polynomials
Shoxp and Rosenstock 7

PT. Runoff , Chem. Phys. 186 , 355 (1gga)

b. Boson operators
L.S. Cedex®aum and W.Domcke, ).Chem. Phys. 64, 603 G1g34)

c. Dynamical symmetry group
EV. Ocktozou, T.A. Ma@iun, and V.X. Man'éo
3. Mol. Spectios. b4, 302 (1933)

Here we will use variation of first approach

Fundamental step within this approach:
Let I(m,n) be part of series defined by
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in which T and U are dummy variables
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Stop t

Switch to frequency-adapted dimensionless coordinates

This Ieads to relation between g, and q,
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The series now gets the following form:
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Stap 2
Use generating function for Hermite polynomials
exp (2 4aks) = 2 & H @)
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Use relation qgq= Jq.+d <= q:t} "e* S
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We
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Integral appears to have quadratic form but we must first
get rid of cross-terms (q.)i(de);

Use unitary transformation V that diagonalizes (J7J+1)

V(e vz @ with © diagonal (V'=v*)

Transformation 9e= VX
The integral now becomes
{dx exp [-Ji Xt (1) vx + xT? w
- §dx e L-iX'ex + xXViw]]

N.B. Transformation V unitary so det(V) = 1




Stop S
Make argument in exponent quadratic
ixtex + x'Vviw =
-1 (Kox-2xt (vtw) + (W) @' (tw) - twit e twtw))

But ® is diagonal !
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Use standard integral
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Rewrite argument exponent, realizing that all terms are
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matrix R=QJ"
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We can now write our expression as
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We now have to compare this expression with our original
expression
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and try to extract from this expression the coefficients
I(m,n)
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Develop both sides of the equation in powers of tim" and u;
Because t; and u; are dummy variables and thus can have
an arbitrary value, there will only be a solution if the

coefficients for each of the terms ¢;"“ and u;"* are equal

take ™M= (on, ong, o,y ) = Co,0,--,0)
n= (nyng,e,n,)e Le,0,"",0)
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In this way we can also find expressions for the other
overlap integrals, but it would be more useful if we could
find recursion relations
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Derive recursion relations by differentiation of both sides
with respect to u, or t,
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Differentiate with respect to u,
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We must now find on both sides the same power, so we are
going to look at terms of the form u?itzn’

On right side we find as coefficient
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On left side we have three terms

1. Term with D, gives Dg Cony g, Vg ngeen)

L= . n; nyt
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We can now equate terms with u?itzn" and find the recursion
relation
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Differentiation with respect to t, gives analogously the
following recursion relation
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Consider limiting situation that frequencies and normal
coordinates are nearly the same, in which case

2 wk s m-.h = 1

+
5:\_ Le:[ % e

%
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For absorption experiments from the vibrationless ground
state only (2Q-1) and (Rd) are important

Q: L-A*J‘\—\)-‘ = -‘i'| > 2Q-1 =0

R = Q'&T:"‘i'i

Transitions determined by d, the projection of the geometry
change on the frequency-weighted normal coordinates

(0 \ n.,---,[n‘_-t-\),---) = - (Rd\-_ (d_?._)"l (o) n,;--)n,;,..-)

L A

.

If frequencies and normal coordinates change, but there is
no change in geometry (d=0) then we find

= Y
(oln, i tag), -V s Z (2@ (n&Y AT W,
$ Y

Fundamental transitions (o\n,,ol,---,li---) thus require
changes in geometry




The role of symmetry

- The Duschinsky matrix L 'L, and its frequency-weighted
analogue will be blocked on the basis of the lemma of
Schur

- If symmetry does not change on transition, A and its
frequency-weighted analogue will only have components
in the totally-symmetric coordinates

As a result, the matrices J, Q, R and P will become block-
diagonal while the vectors Rd and (1-P)d will only have
components in the totally-symmetric vibrations

>

1. The recursion relations connect overlap integrals within
the same symmetry

2.The recursion relations for nontotally-symmetric
vibrations do not have contributions from terms involving
Rd and (1-P)d

3. Two-dimensional overlap integrals in which two vibrations
of different symmetry are involved are given by the
product of the corresponding one-dimensional overlap
integrals

\

(o l---nt,n;---\. = (o!---n;o;\!---) (0\---0;_!\;3_--4




Determination geometry changes from absorption
and emission spectra

Consider absorption from the vibrationless ground state to
fundamental vibrations (N.B. for symmetric molecules
limited to totally-symmetric vibrations

BT (RQ), - (ITY'I

N

gy "

(olo)

For transitions in emission

(D\)'"J \Qh....\ Qe) = \IT LLI-P}O\—.\&: (T:Btl&
(olo)

Previously we concluded that intensity is mainly determined
by changes in geometry, and that it is less sensitive to
changes in frequencies and normal coordinates. Consider
latter therefore as exact and try to get agreement between
experiment and theory by adjusting the geometry

d= 1\_l,z u;'; L“' M\’g (R‘;_R;) :

* @

R (@) g(-_f)"c,f': G G4
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in which I2 is the vector of experimentally measured relative
intensities of fundamental transitions with respect to
intensity (0]|0) transition

The same can be done for emissive transitions
(use (1-P)"1(1-P) instead of R'1R)
° - ] -1 \l
(Rg-R3) = £R™ M2 L Ly we (1-P) (3:__&)"

a

N.B. Because experimental intensities are used that are
proportional to the square of the overlap integral,
the direction of the geometry change is not
uniquely defined

For the determination of the absolute geometry
change use can be made of the intensity of
combination bands

(0g Vour ity ) = (2@ (olo) - (RAX VT Colyy)

= (2@ Colo) + 2 (RA); (RY) (olo)

Choice of sign will therefore work through in intensity
of for example combination bands




If it is assumed that intensities are only determined by
geometry changes, for example in absence of reliable
normal coordinates for electronically excited states, then
experiment and theory can be connected by the relations

n

(Re - RG)

' o - |
+ b ' L%w:;_ (1+1) (IQ 5

a
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-1 "
-tR*m L%m;‘(zia)‘

Notice that measurement of transition intensities in principle
also enables one to determine (in part) the Duschinsky
matrix. Formally, it is even so that, for example,
measurement of (...1,...|0), (...2,...|0) and (...1,1,...|0) for all
k and | reconstructs the matrix P




Reconstruction Duschinsky matrix from
experimental data
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This is equivalent to finding matrix S that diagonalizes the
matrix W' = w,? (P~ — Dw,?

STW' S = We

Same kind of derivations can be made for measurements in
absorption

Conclusion: absorption and emission data provide in
principle the possibility to determine geometry
changes but also the Duschkinsky matrix




Vibronic coupling

So far transition probability assumed to be proportional to
§ X, @ L 54)% ®;R) ;eq b @R a?—_\ Xe R)IR =

;?e @ Xy (B) Xe (R) 4T
If ¥, ® u ® Y, is not totally-symmetric we are dealing with
a forbidden transition

Experimentally it turns out that in many cases these
transitions can still be observed. Reason is found in R
dependence of [, (#; R) i1, (7; R)d7

For R = R, transition moment can be 0, but for B =R, it is
possible that integral is not equal to 0. We then talk about
vibronically induced transitions. For such transitions it must
be true that

(4, @R %@ @ K@ (4 (T X))

contains the totally-symmetric representation




“Breakdown” Born-Oppenheimer approximation

Complete Schrédinger equation is given by
H(q,®) Iriq Q) = £ (q,Q)

with R (q,@ = T(P+ TR+ Ul R+ VIR
W(q,Q) = Vy 0,Q) + Vg (@)

RN(q, Q) = He (g @)+ T@+ VA
He (R = T(q)+ Ulq,®)

Use solutions of the electronic Schrédinger equation to solve
this equation

He (9. @) Y, (q1R) = B (@) ¢ (q Q)
by I-(q.6) expansion in these ¥ (q,,@r-? $aly: @1 X, (@)
Q) Z by (300 X () = & Z 4, (g0 Xy Q)

1‘1 a’-
TlQ) [l\?“ (q_‘,Q\ -XN(Q)] . % -a—Q_aa ["l"n (q,',Gﬂ Xni (Q)—l

- [ T, (02Q) Xy () + 2 3, (q3Q) 3N (@)
2 @ aQi AR 3Qg

+ b (q.'aQ) * X.M(Q')‘l
3IQ
Q

- Lvea b tes@0) %, (@) 4 ¢, (g;@) T@ %, (@)

_ 32 ba [ a\\a“(cL;Q_) 3%n (@)
QQ& QQ&




2 (L4 ;@ LT@ @ £,0aY) + LT@ ¢, ¢q;@7Y % (@)

. 2 ‘\ 3, (q_',Q\ CJe 9 Cq_',Qj‘\) = & i“ b, (g ;@ %p; @
< Qg 3Qe

Multiply with \\a: (q;®) and integrate over q
Lr@svars B, @ + <y, (@) T ) 43007 -& 1 @
B Y. g, ;D It \lamtq.',GD>
iy 2 9 )

- Z ¥4, (@i |58\ 4, (0007 5, | X (@) =0
Neglecting non-diagonal terms leads to

'\Yt: (g ) = ¢, (q,Q@) X:.._ Q)

L 1@+ V) s £, (@) + < (o, T@\ g, @)V - €0 1 %) @ = 0

Separation of electronic and nuclear coordinates

N.B. Within what is called Born-Oppenheimer
approximation also <y, (@) | T@\ b, (g @) >
is neglected




The crude spectroscopic approach

Make use of molecular symmetry by expansion of electronic
wavefunctions at one particular nuclear configuration Q,

T (@) = _% P, (4, Re) X (@)
with He (q,Q) ¢, (q:Q,) = E, (] ¢, (g, Q)
H.(g,Q) and H.(q,Q,) are related by

He (q. @)= T(Q) +WU(q,RQ) = Tlq) +Ulq Q)+ alk (q.R)
= WHe (Q',QO)-\- AW Cq,,CO

Schrédinger equation now becomes
[He (@) + UL, @ +V(R) +T@) ) T, (@) X (&)
= & Z §, (g380) X (@)
which leads to
Lre@)+ V@ 8,089 + (400 | awlq, 00\ 4, (430 V- g Xp (@)

v Z ¥, (500 ) AU 4 (iR ? L (Q) = ©
mEn




Neglect of non-diagonal terms leads to
ch
{Y-nt (q.@) = \\’n Lcl"Qo) Xl:': @)

L Te@)+ vea) + €,(Q0) + <dntq: ) altq @\ ¢, (0@ Y - €5 1 %pr (@) =0

Herzberg-Teller expansion

The electronic wavefunctions y,(q;Q,) are independent of Q.
Try to incorporate Q-dependence of real wavefunction using
perturbation theory

AaUlqg,@) - Wlq,@) - U(q.Q)

" —Z_ (3&(&;.&\) Qg + ':\-t Z ( a‘u(q_m) - Qe+ -
Q 2qq /q ¢m \2a¢3Qm/q,

\‘f‘:\:(%"Q\ = ¥, (q."Qow + it @ v (@) P (q,Q,)
mén

QApa (@) = <mlawla? + T dmlauwler<eiaulny +....
(En -~ Em) etn  (E,-En)  (Eqy-E)

Ne \n7% Y, (q.Q,) a2 E, () aui aule.Q)

If we now use the expression for AU in a,,(Q) and restrict
ourselves to the first term, we find

Wn
'\‘:T(q,',Q\ = G, (R + 2Z | <m (i’é’ﬂqo \ny . Qe | ¥, CHN
A Q@ min By vy




The complete wavefunction is given by
T (.R) = 4T (q@) X (R

Ll e+ Z o) v @ien ) tat@

This expansion is called the Herzberg-Teller expansion, and
the use of Q-dependent electronic wavefunctions the
breakdown of the Condon-approximation. Strictly speaking
this is not vibronic coupling because electronic and nuclear
coordinates are still separated

Transition probability between {r:L L«a_.@Oand{}:,Ts (¢.Q)
given by

(g ol u lFg @ 7)

(< L %*Z‘}QQ%(Q\Q\L%\#\Ee"'zge‘ne(cﬂ n_] }e>) =

(L%\<%\M\e> }q) ¥
37 <el (38, \gY <elule> (igl@glye) +

% Q#% E%_-Ee
2T <al B Ned> Lo luln? (i) Qg lge) +
[ ke Ee - En

i . - o
—»Transition probability by mixing in of ground state

“—*Transition probability by mixing in of electronically
excited state




(L%u%\#\o Wy *

2 2 <Q‘ aqq. Qo \%> <Q\)u.\€> (i \QQ‘}.) 4
& Ciq € - Se

T2 4ol liadaled Lolmln? (ig] @y lae]) + =

™ ﬂ#e Eg - Eh

Herzberg-Teller expansion ground state:

\\a% (q_-iQ\ = \-"%CGL;QO) + %E} [<E\ (aqq)qt’\%) Q& d(t(i on
S

Ee
34';7(1'.60 = 2 [<Q‘ an Q %>] Ve (q3Q)
Qg Chq €y- e

The expression for the transition probability can therefore
also be written as
<qlule? (iglye) +

% <é_“"g:\%ql UL\ “’e(‘l‘aQo3> (t% \ Qg \ 3,7 +

Z <‘\‘s(‘t Q) \}*‘ dv, Cq,.60> (i%|Q“\}‘ & s

]

°Q,,

(iy \ My (@) + 2 (3Mge(<ﬂ Qg+ 1 3e) _
b °Qn /9,

R
because({%)qo x o for electronic transitions, this equals
(ig \ Mee @) | be)

An equivalent treatment to incorporate a Q-dependence into
v(q;Qp) is to incorporate a Q-dependence into M,.(Q,) using

a Taylor expansion

M@) = MCQ )+ 2 (aM(Q) Q + 322 ( D‘M(Q))-Q-LQ-*---
ST Qo AN Y




({Fryita,@) L1, g7 -
3QLQ3 (‘- la;)*' Z ( ) (b%\QE\&Q)
BQQ
s B LB ( M (Q) ("-%\Qa%‘aﬂ
@ e 3Qq3Q /a
This approach offers a number of significant advantages:
- Not all electronic coupling elements need to be calculated

- Initial and final states are treated equivalently
- Calculation derivatives numerically simple

(amgg(m\ = Mge (Q48Qy) - Mg (Q,-a Q)
3qe  /q, 24 Qq o

Only additional information we need concerns

Qg | n, 0y, 0g, - \"‘ \- og In,.. ng) - )
2Wy

+ (nQ-H)."" ‘ (n&.n )—_l

Without Duschinsky rotation and frequency changes the
matrix element (i;|Q,|j.) will only be different from zero if

mg (qumd) = (ng 1) Coangeslagen




Spectroscopic implications for excitation from
vibrationless ground state

We specify Q, as Q, (ground state) and denote with M !
excitation of mode p in state e

ol

M%: = qu (@) (o%\tpx\ +

1 ( M, (@) (oq 1 @ 11pe)
Q BQQ Q,

2 ( 1M (m) Lo \Q&Qe\\‘m\*....

in which Q, are normal coordinates of the ground state

UPY
= Mge (&) (o%ltp_e) * Z (9_‘:1%!_(81) ('ﬁ ) th&\unJ
Q

BQQ -‘1_;:&‘

1

For 0-0 transition we find analogously

U
M r M (8 ogleg) s T (@) (4 Y 1)
Q

QQ& ZUJ&.%
+ .-




® Mge(Qo) = 0, transition induced via asymmetric

vibrations
— Wz , ol "
Mﬁe (-Qo) (O%llp.e_) + E‘ (m%-(Q\ (j_‘_ ) UE,%\‘P,!) M%: = E ( BMEE ®) (—'\1— )1 ( l&‘}\|p,e)
2Qe Wy o 3xg Q, 1wy o
M?:e = ©
No influence geometry changes, but Duschinsky rotatation
is important (tQ‘%\ tpe) = 2R o (olo)

What about the intensity of symmetric vibrations ?

(o%\ <t‘1%(.q_,0.\\ﬂ. \ Ve (q_,Q-)> l 'p,g's,ey =

2 (am (cﬂ) og 1Qg l1pe1se) =
& 2 Qe
N
E (QM%QLQ) (j_\ Cigglipe) (S, 3 -
3Ry /Q \2w

O\P
(o;\ 's,e\ qu

Multiplication of Franck-Condon factor with induced
intensity

What about the role of higher derivatives in transitions
mentioned above ?

z E ( azM%e (Q\ (O \Q Qe‘l C\
Rea Ces IR IQe /Q, (0 \Q& Qe\'pe M:7




Mge (85) (g l1pe) + 2 (

Mae ccz\) (
2Q /g,

T T [ FMe@® \*
ben Ces 3G >

\:. ( 'Q,“ \he) (\Q‘%\oz)

& %
1 .'L
(_t_ ) ( 1) Gaglipe) Cgg l1y0)
2wg A 1%% ’

Especially in the case of large geometry changes the second
derivatives can influence significantly the ratio of intensities

N.B. By second derivatives it is also possible that intensity
is induced

in combination bands of asymmetric
vibrations

Benzeen F.M. Gonforth and C.K. Tngefd , J.Chem. Soc., 413 (1g49)
Octatetzaeen W.). Buwma and F. Zer@etlo, J.fm. Chem.Soc. 1€, 3138

Liggé)
Mge(QO) * O,

vibronic coupling via asymmetric
vibrations
O\P

%e

N

M%e (Qo\ (o%\ |P‘e'\ + E ( 3“(5;(&)) (O% \Q&\ IP.-Q)
%@y /q

Z. [ BMpi L ol OV T
. ( 3&q )Q° ('—,) o

2 We

1]

M;: = M‘e (Qo\- (0%\(’&3
M%: - Mge (@) (o% \ls,e\




Mge (85) (g l1pe) + 2 (

Mee (Q\)
2Q /g,

Lok (R0

\ny . Q&] ¥, (q:Q0)

HT
LI 0, T 1
Yo (R0 = b, (q R) + a mtn{

En _Em

© Mg(Qy) # 0, vibronic coupling via symmetric

vibrations
M o M) (og L)+ Z [ aM #.."(\.)
ge = Ve ! toq llpe )t g (_ﬂ) (—} 'Ry e
aQ& qo 1""&.%
. !
Mie = Mge (Qc.)(o%\oe.)-l-z (auzecco (_h_ Y Cipg loe)
dag /o, \awg

In this case we will get interference between parts that
depend strongly on geometry changes and vibronically
induced contributions

Calculation vibronic matrix elements

Previously we have seen that:

3
<e| (35 o«,‘n>]\l)¢ CHN)
E, - B

a\‘l:.r LQ.Q\ = .2 [
3 Qe ekn

From this it immediately follows that:
.
{ Y, (q;Q) l ETTY ‘ q;n(q’;o,\>@°

W
i % L (q,',Qo) ‘ (-a_Q_g‘)QO\ B, (cL',Qo)>
En (QQ) - Epm (Q)




For a number of applications, such as dominant vibronic
coupling with a limited number of states, it is useful to
calculate such matrix elements. This can be done for
example with the methods that have been discussed for CI
wavefunctions

Nice example of such an approach can be found in the
theoretical treatment of single level emission spectra of
naphthalene

F. Negu and M. 2. Zgiets@i, ).Chewm.Phys. i0a |, 3486 (:33(5)




Non-adiabatic corrections

We consider the influence of Ty via perturbation theory
starting from the Herzberg-Teller electronic wavefunctions

I (q.Q)= [up“ (Q:Q) + 2 A (O W, cl;q,{& X, (&)

min

Incorporate influence-~ % (a%(q.sm 2 and -¥ ( 3‘%‘1;@)
2Qq Qg 2 3Gg

with perturbation theory

NA WY

Y. @)=Y, &)

+ 22 1 <'§:::; (.&) \ T,.\'\y:: (g,&\?) «hs(qm

- 3 E €

N

™3

Consider following situation:
1. Ground state  Fq: Ca.@) = ¥, (qQ) X (&)

2. Excited state “Te; Ce.@) which can only mix with
state ¥ae (.8) Mixing only occurs via coordinate Q,




W U
{If-e: (@) = ‘.q’e Q) + {n \ ﬁ.)qa \37 Q. \\JQ(Q:QQ)-X x'*i (R)

Ee - E,

{\\'e (-q_'aqo) 4+ Vpe R,) . Qg ¥y ('L"Q'{\ 'K.“(Q\
8E, Q)

1]

nr
T () [ ¥ q,Q,) = Vae @) - Qg e cg-.qoﬂ g Q)

A g, (Q,)

For '\[r:: Cq,®) we get now
NA WY
w 0.0) = 4 (&) NA

. Yo Top 00 = T4 @@ + (K¥R G 1ITIET oY) ¥h wa

1 E ( <'§::' (q.&) \ T“\\}: (q_.Q\?) '\Iv"..' (.8 €¢; - Eon
o Eat = Emj wr
ni m} HT
Qg (g = V., (&) b Q) a“-\\,e (,@) = o
°Qq A€, Q) -__3?3}_-

e @ 1Ty 1E] qa) -

-8 (€ Ly, taie -V, (@) - &g b, (93800} Xg () |
Ak, (q)

Voe (R) . ¢ (q3Q) - 3%, @) >)
AE, (R, °Qq

= W Ve ta) - (k@ lsa | x, @)
A B, (Gg)
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Ve, (1.0) = Yo, Q. + ((*]{‘n&(.q_,a\ lT,.,\'\I-% (q,,Q\)) -{r“; Q@) "I’:: (.2 = | b, (IR + Vpe ) - -, (q;Q) | X, (@)
e At ) ;

)
AV Q) . (g @ lsg 2 @)
‘\ x'e'&(Q) 4 B, (Q;) Eoy - Ena

{d{e (‘L"QO) - \J“Q (QJ ; Qu. 11,‘ ('UnQo)
OE, Q) c
. : \q;,, (9:R,) = Vae Q) . Q- b (.q_',Qe\-\ X (@)

-W Ve @y - (xq@lsa | x, @) 8%, @)

A€, (Q,)
We now consider the situation that <~\rstq,°,<9°) lp Hv' cq,-,q,)>
is equal to zero and that the transition probability is induced
by mixing with state nk

Based on HT wavefunctions we find:
(LT oo L\ @e)?)

aE,, (%)

Based on NA wavefunctions we find:
K0 e\ ul gt e ?)

= L (0 Lu 4,18 7+ Voo (&) - (X @\ @) % (@)
A, (Q)

Ry QR u 1y, RV Vae @) .
QEQ\\(Q;)) E.}"'E“&
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< L\;%(q_‘,Q‘Q ‘}* l Y (‘LEQo)> * Vie (&) - ("(%i @) N xei (Q))
AE, (Q,)

Ry @R L 1, (DY - Vg @) .
AEen (R E “E ol

(@ i | k@) (x gt X g @)

= <y (%) e | 90 0:2) 7 - Vae (R

8 &, (@)

o
i Gty @) @\ % @) -4 (e @155\ x @) (g, | x“)]
Ee; - E“&

Assume no Duschinsky mixing, no frequency changes
and transition from vibrationless ground state to excited

state with Ng =\

\\l% o._ = q’g l'Q. W \pﬂ oﬂ- 3‘ *’la‘

(elodd v (A IR (o)

MNR [ { - -h (X“& 1 OQ“\ 'X-Qa3 : (x‘\\xn&)
(Xqt | Qul Xep) Eei ~Entt
- [ | - 'Fwo

Contribution non-adiabatic term small, unless energy
difference between vibronic state ej and nk becomes of the
order of vibrational frequency inducing mode




