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ABSTRACT

The general expressions we previously derived for calculating of the vibronic structure in eectronic absorption
spectrum of a large polyatomic molecule based on freguency-domain approach (J. Molec. Spectrosc.2013, 286-287,

30-45) are applied to simulate the vibronic structure in the dipole-allowed 11Ag -1 B, electronic transition of

trans-1,3,5-hexatriene molecule. The calculated results indicated that spectral profiles are primarily described by
the Franck-Condon progression of four totally symmetric modes, v, V,,, V;, and V, ,, among which the v, (CC

double bond stretch) and V,, (CC single bond stretch) are the longest progression-forming modes, while the modes
v,, and V,; have much less activities. The spectra also show combination bands (as 511, 510, etc.) produced
by the &, modes.
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INTRODUCTION

The highly versatile role of linear polyenes in &t biological processes, such as vision, photbegis, and also
their usefulness as computationally tractable nwé® more complex chromophores, retinal and camtis[1,2]
make them as intriguing subject of experimental #imebretical investigations [3]. Optical experingertave

established that linear polyenes with three or ntmn@iugated double bonds have a d@%g state between the
11Ag ground state and dipole alIoweﬁBu excited state [3]. Unlike longer polyenes with fahrough six double
bonds, 1,3-butadiene and 1,3,5-hexatriene have &munable emissions and their absorption spectnaotichow

well-resolved vibrational structures under supeicsf@t absorption.

2. Theory
For molecular electronic absorption process in sotropic medium, in which the transitions occurnfrghe

statistically equilibrated ground® (r,Q) x,(Q) to the manifold of all final excited®(r,Q") X, (Q')
adiabatic vibronic states, the thermally averagesbeption cross sectio@ (&, T) is defined by [4-9]
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a(wT)——Zp,,Z\ (gulit|ev)| D(@y g - ) . M

where C is the speed of lightQ, is the Boltzmann distribution function for thetial vibronic stateglis the

electric dipole moment operatao, is the vibronic transition angular frequency, éindlly D () - @) is

eu',gu ev',gu

the normalized bandshapefunction which is consitldo be Lorentzian with the same haIf-W|dj;’@g for all
vibronic bands:

D(a) , —a)):l( L

: 2)
e 4 weu’,gu - w)z + yezg

In thelimit y,,, — O, D(a)nm —a)) reduces to the Delta function. It was assumeddHauschinsky transformation
of the typeQ' =JQ + D relates the vibrational normal mod€¥ of the excited electronic state to tho&e of
ground electronic state, whek is the Duschinsky rotation matrix which scramblesse normal modes which
belong to the same irreducible representalﬁ'qlmf the molecular symmetry group, so it has blockgdinal form,

and D is a column vector whose components are the shifte equilibrium nuclear configuration of the &zd
with respect to that of the ground electronic stg@] . The transition dipole moment between theugd

@, (r,Q) x,(Q)and an excitedP (r,Q") x,, (Q') adiabatic vibronicstate is given by

(gu]ilev) = [dQx,(@Q)([d* @, . Qfia(n) ®.(r.Q) )X, @) @)

whereﬁeI (r) denotes electronic part of electric dipole mormmtratorﬁ. Because of the parametric dependence
of the electronic wavefunctions on the nuclearalags, the electronic transition moment

ne(Q)=[d’r (r.Q)fi,(r) ®.(r.Q') (4)

depends orQ . Substituting for the transition dipole momentrfr@quation (3), making use of equation (4), and
assuming molecular vibrations in each of the eteitr states can be described Nyindependent harmonic
oscillators, we may then write equation (1) as

aloT)= 22, Q) 20X |(0]0)] Dle - ®

2
wherel <U|U'>| is the Franck-Condon (FC) factor. Obviously, thlesaption cross sectiorﬂ(a;,T)
proportional to the FC factor. Note that in geherpge( ) pge( ) Zpge( ) .. In the Condon
approximation, we havage(Q) = pge(O), that is, the transition dipole moment is assuriede independent of
nuclear coordinate.

Since the Duschinsky rotation matrix has block dieaj form, and each block corresponds to the vitmmat modes
that belong to the same symmetry speciesNHdémensional vibrational integrals appearing inaén (5) can be
factorized as a product of vibrational integralthwower dimensions
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I

<U1U2"'UN |U1U'2"'UN>:<U1U2"'|U1U'2"'>|—S<U1U2"'|U1U;"'>rl"' (6)

wherel | refers to the irreducible representation of tgtaymmetric modes and,,... refer to irreducible
representations of nontotally symmetric modes. viheational modes of each category are renumbeseld 3, ... .

Equations (5,6) show that in all allowed electromansitions the first band at low temperaturehis ® — 0" band
followed by progressions in totally symmetric modssd combinations bands built on it. The lengtheath
progression built on the true origin depends onsike of equilibrium geometry change from the loveethe upper
electronic state in the direction of the correspogdotally symmetric mode.

Suppose the electronic transition occurs from ¢ineekt vibrational level of the ground electroniatst and consider
a combination band in which onligh, jth, andith totally symmetric modes are excited withf, U;, and y;

vibrational quanta of energy in the upper electtostate. Making use of equation (38) of ref. 11 thktive
intensity of such a band with respect to a falseHe true) origin can be written as

| @ v;,0) =| (U olon*2 Y Z(_a”) ) ba)

k0 o ko Kbk k!
: 2 (U\"kl‘kz)/z ~
(U'i —ki—k3 )/2
a. /2
%{[() o], b
j 1 3/"

(U —kp=ks)/2 i
(C(E’/—Z?(—k)!HU’—kz—ka{a_yz[(E_P)a]l} ’ g

X

whereH j (X) is the Hermite polynomialp = I"¥2D is theN-dimensional vector of the reduced displacements

{le/sz} , E isan N x N unit matrix, P is an N X N symmetric matrix defined by

P=T"¥23G*J "2, (8a)
with
G=T+J'TJ, (8b)

anda; = (E-2P),.

If only two totally symmetric vibrational modéash andjth are excited WithUi' and U'j quanta in the upper
electronic state the corresponding relative intgran be obtained by settirlg' =0 in equation (7), by which the
summation indicesk2 and k3 each takes only value of zero. Likewise, the neataintensity along the progression

of a totally symmetric mode, e.gh mode, can be derived by settim"g = Ul' =0 in equation (7), by which the

summation indiceskl, kz, and k3 each takes only value of zero. Therefore, equd#®permits us to calculate the
relative intensities of most vibronic bands app®&ain absorption spectra.
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RESULTS AND DISCUSSION

In this section, weshall apply the lo-temperature limit versions of equationg éhd 7) to simulate absorption
spectrum of the dipolallowed 11Ag —>1lBu electronic transition ofrans-1,3,5hexatriene (simply called

hexatriene hereafter)n the low temperature limit trabsorptiortake place from the ground vibrational level of
ground electronic statélfhe procedure require the foIIowinf guantities ® known: the zer-zero excitation

frequency Qeg, the vibrationafrequencies of the groun| & and excited CJJ} electronic state, the shift
equilibium nuclear configuration alon jth totally symmetric modE)j, and the extent of rotations of t

vibrational modes upon the electronic excitatiorarelsterized by the Duschinsky rotation matJ. In the
simulations, use is made of the experimental valoleshese quantities unless they are available or the
comparisons are aimed where the theoretical vareesemployed.

The 36 vibrational modes @fans-hexatrien molecule

H

L Lot

H‘\C.-;’chcﬁ" Hf:';f? ~H
| |

H H H
are distributed among the irreducible represematad C,,point group as 1a, + 12bu +6a,+ 5bg ;

a, andbU are inplane modes, whila, and bg are out-of-plane vibrations. The zezero excitation energy to tl
ionic 1lBu electronic state is 39786 . Table 1 displays experimental and theoretical vibral frequencies ¢

the groundllAJ and second excitellBu electronic states of molecule[12-16].

Table 1Vibrational frequencies (cm™) of 11Ag and 1' BLl electronic states ohexatriene®

a, modes bg modes
A, 1B, 1A, I'B,
v, 3089 3090 Vo, 986 954
v, 3017 3078 V, 903 930
Vs, 3000 3063 V,, 868 828
v, 2992 2983 V,; 615 544
Vg 1626 1631 V,, 215 272

Ve 1576 1513 b, modes
v, 1399 1390 11Ag 1'B,
Vg 1288 1349 V,s 3091 3098
Vg 1283 1274 V,s 3039 3083
Ve 1101 1222 V,, 3008 3063
Vi 932 718 V,g 2969 2983
Vis 443 449 V,y 1624 1576
Vis 353 313 Vyy 1429 1466
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a, modes Vi, 1294 1312

A, 1B, Vy, 1255 1248

V14 1009 988 |/33 1128 1233

Vs 941 930 Vy, 964 955

VlG 900 836 |/35 541 585

|/17 682 548 |/36 152 169
V18 248 200
Vie 94 108

4ibrational frequencies in the ground electroniaiiestLlAg have been experimentally determined by infrared an
Raman spectroscopic measurements at room tempefd®u15]. The direct absorption spectrum in jebled of
the llA\3 -1'B, transition has been analyzed for determining tloerse: excited state vibrational frequenciesagf
modes which specified by asterisk sign [12]. Inigegton of potential energy surface by an extendegle-Pariser-
Parr (PPP/CI) model has given adiabatic frequerdafiesher modes in'B, electronic state [16].

The displacement vecto® , calculated from equation (45a) of ref. 17 usiakptive intensities of the first quanta
of the progressions oag modes in thellAg qllBu transitions [12,16] collected in Table 2 and emjrg the
Duschinsky matrix given in Table 3.

Table 2. Relative intensities of the totally symmeic fundamental bands of thellAg -1 B, spectrum ofhexatriene

supersonic jét theory

I 1) 1.045 0.949
I @5) 0.006
@) 0.003
I (L) 0.022
I @,) 0.476 0.586
@) oo

|,) 0005
I @) 0.18 0.098

*Ref. 12. °Ref. 16.
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. . . 1 1 . .
Table 3. Normalized Duschinsky matrices for théig and bu modes ofl AJ i Bu electronic states of hexatrierfe

1 1
1 Bu 1 A\J I/5 V6 V7 V8 V9 I/10 I/11 I/12 V13

Vg 0.93 0.09 -0.09 -027 -0.10 -0.01 005 -0.03 0.01.930
Vg -0.16 091 -034 -0.17 005 -0.05 0.02 -0.01 0.010.16

v, -0.01 -0.3 -092 023 -0.12 -0.01 0.0 0.0 0.0 -0.01
Vg -0.25 0.23 -0.08 -0.81 -0.33 -0.33 0.04 -0.01 -0.040.25

Vg 0.01 0.16 -0.15 -032 -092 001 -0.03 -0.01 -0.0R.01

Vio 0.08 -0.08 0.06 0.29 013 -094 0.07 -002 001 80.0
Vii 0.03 -0.02 -0.01 -0.01 -0.04 -0.08 -0.96 0.03 0.010.03
Vi, 0.03 0.01 0.0 0.02 0.0 0.03 -0.03 0.99 0.12 0.03

Vis 001 -002 00 001 -001 00 -001 012 099 0.01
PRef. 16.

The Huang-Rhys factors corresponding to displacésnih, (S} = wﬁDf/Zh where a;} refers to the upper
electronic state) are summarized in Table 4.

Table 4. Huang-Rhys factorsS} for the 1* B, —11Ag electronic states of hexatrierfe

S, 1042
S, oo1
S, 0003
S 0051
S

0.009

S, 0471
511 0.024
Sl'2 0.007

S,; 0177

#Calculated using Duschinsky matrix fromref. 16.

The vibronic structure of thé.lAg _.1lBu electronic transition of hexatrienee in free jepansion has been

analyzed in details by calculating the relativeeitsities (relative toD—0' origin) of the vibronic bands using
equation (7). In order to investigate the effecthef normal mode scrambling on the vibronic strigtthe relative

intensities have been computed with and withoutDhechinsky matrix for theﬁtg modes given in Table 3. The

fourth and fifth columns of Table 5 display theuks. It is seen that the Duschinsky rotations doeshave a
considerable effect on vibronic bands. The disanejgs between the experimental and theoreticahsities may
be attributed to the anharmonicities of the po#tmtirfaces which are not considered in presenk.wor

Figure la display the experimental absorption spediie to the’l_lAg N B, electronic transition of hexatriene in
the jet-cooled [12]. Figure 1b represents the apweding calculated spectra from extended PoplisétaParr with

70



M. Miralinaghi et al J. Chem. Pharm. Res., 2013, 5(9):65-76

configuration interaction (PPP/CI) theory [16].cBtspectrum is also shown and the main bands hese &ssigned
as N*, wheren is the excited normal mode andits quantum number.

Table 5. Assignments, frequencies (i), and intensities associated with dipole aIIoweﬂ.lAg - 11 Bu transition®

assignment frequency theory experinient

Hemley this work

18 200 0.2 0.5 0.5
13 313 9.8 199 180 18.0
12 471 0.7 05
242 544 0.3 0.4 0.4
13 626 0.4 1.0 0.5
11 718 3.1 4.0 4.0
1113 1031 06 0.9
273 1088 0.2 0.1 0.1
10t 1224 58.6 458 476 476
o 1274 0.9
gt 1349 2.2 438 2.2
7 1390 0.3 0.3 0.3
17 1436 05 0.8
6! 1513 1.1
6! 1513 0.6 1.1 0.6
1013 1537 5.6 9.1 9.1
g 1631 94.9 1039 1045 104.5
813 1662 1.0 0.3
17713 1749 0.1
613 1826 0.2 0.2
1013 1850 0.4 0.3
10'11 1942 14 18
5t13 1944 8.9 20.7 20.1
512 2102 07 0.3
128 2154 0.1
101113 2255 0.3 0.4
511t 2349 3.2 3.3
102 2448 16.8 111 11.0 18.0
9? 2548 1.2
810t 2573 2.2 2.8
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710 2614 0.1 0.4
10'122 2660 02 0.4
8 2698 03 0.7
610 2737 05
10213 2761 4.0 22 2.2
69" 2787 01
5110t 2855 54.9 47.6 49.7 57.3
59 2905 1.3
5tgt 2980 14 5.0 3.0
8’13 3011 01
57 3021 03 0.2
62 3026 0.1
5112 3067 0.5 1.0
56t 3144 12
5'6" 3144 1.2 0.6
102 111 3166 0.3 0.4
5110'13 3168 55 95 10.1
52 3262 445 542 529 67.1
5813 3293 1.0 0.4
1071113 3479 01
51013 3481 05 0.4
5'10'11 3573 15 15
5213t 3575 4.0 108 108
10° 3672 3.1 1.9 1.6
5811 3698 0.2
5212 3733 0.4
8'10° 3797 12
710 3838 0.2
8210 3922 0.1 0.2
610° 3961 0.1
5211 3980 17 13
10013 3985 0.4 0.4
51102 4079 15.5 11.6 11.4 16.0
5192 4179 1.2
5'8t10 4204 12 23 3.4
5182 4329 03 0.6
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510°13 4392 16 2.3 25

5210 4486 25.4 248 251 18.0
529" 4536 2.7
528! 4611 26 1.9
5813 4642 01
527 4652 01
52112 4698 03 0.6
510013 4705 01 0.1
526" 4775 06 03
510°11 4797 04 03
521013 4799 26 49 55
53 4893 13.8 18.9 17.3 15.0
10 4896 04 03 02
5813 4924 05 03
810’ 5021 03
521011 5204 038 0.6
5313 5206 1.2 38 3.8
5'10° 5303 238 2.0 1.7
512 5364 01
5'8'10° 5428 15
510717 5515 01
5810 5553 01 0.2
5211 5611 06 03
510°13 5616 0.4 04
5%10° 5710 7.1 6.0 5.8
5292 5810 06
528'10 5835 1.2 2.0
5210172 5922 01 03
5282 5960 01 0.3
5210213 6023 1.2 13
5310 6117 7.7 8.6 8.2
538t 6242 0.9 0.8
5°11° 6329 0.2
536! 6406 0.2
5210711 6428 02 0.1
521013 6430 1.7 1.9
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54 6524 31 49 41
52813 6555 02 0.1
51011 6835 0.3 0.1

5210° 6934 13 1.0

5210° 6934 1.0 0.9
528107 7059 0.3 0.8
5210°13 7247 02 0.2
53107 7341 2.1 2.1 1.9
5392 7441 0.2
52d10 7466 0.4 0.8
5°10'17 7553 01
510713 7654 04 05
5410 7748 1.7 23 1.9
5%t 7798 09
54gt 7873 0.2 0.2
51013 8061 05 05
5° 8155 1.0 0.7
5°810° 8283 0.2
5310° 8565 0.4 0.3
53810 8690 01 03
5410° 8972 05 0.4
5810 9097 0.1 0.2
510713 9285 0.1 0.1

58 9786 0.2 0.1

3 Intensitiesare relative to the O — 0’ band .Bands with intensities smaller than 0.1 arenot listed. °Ref. 16. I ncluding Duschinsky matrix from

ref. 16. °Ref. 12.
The absorption spectrum is composed of the vibrbaiwds involving four totally symmetric modds,, V,,, V;;
and V5, among which thev, (CC double bond stretch) and,, (CC single bond stretch) are the longest
progression-forming modes, while the modeg and V,; have much less activities. The spectra also show
combination bands (a51111, 5101, etc.) produced by the.‘jtg modes. Therefore, the spectrum is primarily

described by the progressions in totally symmaetriclest/, andV,, (which have the highest Huang-Rhys factors;
1.042 and 0.471, respectively) and their combimatié-igure 1c and 1d display the calculated abisorgpectrum
of the 11Ag -1 B, transition of hexatriene af = 0K by considering a 9-mode model consisting of nirally

symmetricag modes g —V,;)for displaced-distorted and displaced-distortetterd models, respectively. The
normal mode rotations have minor effect on the &ited spectral profile in Figure 1d.The Lorentzieaif-width of
Vs =100 cm™*has been used in the simulations.
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Figure 1.Thel Ag =T Bu absorption spectrum of hexatriene. (a) experimentaspectrum in jet- cooled from ref. 12, (b) calculted

spectrum using PPP/CI theory from ref. 16, (c) caldated spectrum using displaced-distorted model, ah(d) calculated spectrum using
displaced-distorted-rotated model
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CONCLUSION

The general expressions which previously derivedcédculating of the vibronic structure in electimabsorption
spectrum of a large polyatomic molecule based equency-domain approach [10], equations 5 and v baen

usedsuccessfully to simulate the vibronic structardhe dipoIe-aIIowedLlAg Ny B, electronic transition dfrans-

1,3,5-hexatriene molecule. The detailed analysigefvibronic structure in the spectrum are preseim Table 5,
and the simulated spectrumis displayed in Figurarid comparison has been made with the experimantil
theoretical data.
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