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PhenylvinylaetylenePhenylvinylaetylene (PVA)or 1-phenyl-1-buten-3-yne(synthesized by Dr. Hsiupu D. Lee)Previously identi�ed as a C10H8 produt from thereation of UV-exited diaetylene with groundstate styrene∗ and in a benzene disharge∗∗.Found to yloisomerize thermally intonaphthalene in �ash vauum pyrolysis studies∗∗∗.Possible intermediate leading to naphthalene andhigher-order polyaromati hydroarbons (PAHs)in Titan's atmosphere, sooting �ames,disharges, and interstellar media.
∗ A. G. Robinson, P. R. Winter and T. S. Zwier, J. Phys. Chem. A,2002, 106, 5789.
∗∗ F. Güthe, H. B. Ding, T. Pino and J. P. Maier, Chem. Phys.,2001, 269, 347.
∗∗∗ K. Shulz, J. Hofmann, G. Zimmermann, Liebigs Annalen �Reueil, 1997, 2535.
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The UV-Spetrosopy of PhenylvinylaetyleneForthoming...The detailed analysis of the S1 � S0 vibronistruture of E -PVA has reently been aeptedat J. Phys. Chem. A.Muh of the S0 vibrational struture wasassigned by omparison with styreneand trans-β-methylstyrene, assisted byalulations at theB3LYP/6-311++G(d,p) level of theory.E -PVA is planar in both the S0 and S1state. The eletroni transition is of thetype Ã 1A′
← X̃ 1A′.All in-plane fundamentals (a′ modes

ν1 � ν33) are allowed, whereas onlyeven-quanta overtones and ombinationbands of the out-of-plane fundamentals(a′′ modes ν34 � ν48) possessnon-vanishing intensity.
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Fluoresene Exitation and SVLF SpetrosopyExperimental Conditions

S0

S1

Fluorescence Excitation Spectroscopy

Tuning and detecting totall lexc fl

SVLF Spectroscopy

Keeping constant and tuning throughl lexc fl

lexc lfl

Stagnation temperature: 21 ◦
CStagnation pressure: 3.6 bar of HeliumPulsed expansion: 20 HzNozzle ori�e diameter: d =800 µmFES resolution: ∼ 0.2 cm

−1SVLF resolution: ∼ 8 cm
−1



UV-UV Holeburning SpetrosopyConformation-spei� Exitation Spetrum
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All transitions (exept for two) are due to one onformer, E -PVA.The transitions at 260 cm
−1 and 351 cm

−1 are due to Z -PVA.



S0 Vibrational StrutureExitation of in-plane normal modes
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S0 Vibrational StrutureSVLF Spetra of Hot Bands
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S0 Vibrational StrutureExitation of out-of-plane normal modes
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S0 Vibrational StrutureExitation of out-of-plane normal modes

0 200 400 600 800 1000 1200 1400 1600

45
1
48

1

48
2

45
1

0
47

1

0

 

F
lu

o
re

s
c
e

n
c
e

 i
n

te
n

s
it
y
 [
a

rb
. 
u

n
it
s
]

Relative wavenumber [cm
-1
]

0
0

0
 + 266 cm

-1 45
1

0
47

1

0

47
1
48

1

47
2

46
1
48

1

46
1
47

1

47
2
48

4

45
1
47

1

4-Mode-Mixing!



Outline1 Experimental Setup & ResultsFluoresene Exitation SpetrosopyUV-UV Holeburning SpetrosopySingle Vibroni Level Fluoresene (SVLF) SpetrosopyEvidene for 4D-Dushinsky mixing in the SVLF spetra2 What is Dushinsky mixing?Dushinsky mixing in 2DDushinsky mixing in 4D3 Dushinsky SimulationsImplementationSimulation of the SVLF Spetra



The Original Artile by Dushinsky

⇒ English translation now available athttp://www.hem.purdue.edu/zwier/pubs/Dushinsky.pdf



The Dushinsky E�etDushinsky rotation in 2D1D
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The Dushinsky E�etDushinsky rotation in 2D
Q2”

Q1”

Q
2’

Q
1’

d2
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a

If both eletroni states have the same nulear symmetry:
Q

′

i =

rX
k=1

Dik Q
′′

k + di

Q
′

i =

sαX
k=1

Dik Q
′′

k

for the r totally symmetrivibrationsfor the sα non-totally symmetrivibrations of symmetry speies αF. Dushinsky, Ata Physiohim. U.R.S.S., 1937, 7, 551.Dushinsky mixing between 2 totally symmetri normal oordinates
(
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The Dushinsky E�etDushinsky rotation in 4DResolution of the 4× 4 Dushinsky rotation matrix into pairwise ontributions:
D = D12 ·D13 ·D14 ·D23 ·D24 ·D34 (2)

D12 =

0B�cos α − sin α 0 0
sin α cos α 0 0

0 0 1 0
0 0 0 1

1CA
D13 =

0B�cos β 0 − sin β 0
0 1 0 0

sin β 0 cos β 0
0 0 0 1

1CA
D14 =

0B�cos γ 0 0 − sin γ

0 1 0 0
0 0 1 0

sin γ 0 0 cos γ

1CA
D23 =

0B�1 0 0 0
0 cos δ − sin δ 0
0 sin δ cos δ 0
0 0 0 1

1CA
D24 =

0B�1 0 0 0
0 cos ǫ 0 − sin ǫ

0 0 1 0
0 sin ǫ 0 cos ǫ

1CA
D34 =

0B�1 0 0 0
0 1 0 0
0 0 cos ζ − sin ζ

0 0 sin ζ cos ζ

1CA



The Dushinsky E�etDushinsky rotation in 4DMatrix elements of the 4× 4 Dushinsky rotation matrix:
d11 = cos α cos β cos γ (3)
d12 = − sin α cos δ cos ǫ − cos α sin β sin δ cos ǫ − cos α cos β sin γ sin ǫ (4)
d13 = sin α sin δ cos ζ − cos α sin β cos δ cos ζ + sin α cos δ sin ǫ sin ζ

+ cos α sin β sin δ sin ǫ sin ζ − cos α cos β sin γ cos ǫ sin ζ (5)
d14 = − sin α sin δ sin ζ + cos α sin β cos δ sin ζ + sin α cos δ sin ǫ cos ζ

+ cos α sin β sin δ sin ǫ cos ζ − cos α cos β sin γ cos ǫ cos ζ (6)
d21 = sin α cos β cos γ (7)
d22 = cos α cos δ cos ǫ − sin α sin β sin δ cos ǫ − sin α cos β sin γ sin ǫ (8)
d23 = − cos α sin δ cos ζ − sin α sin β cos δ cos ζ − cos α cos δ sin ǫ sin ζ

+ sin α sin β sin δ sin ǫ sin ζ − sin α cos β sin γ cos ǫ sin ζ (9)
d24 = cos α sin δ sin ζ + sin α sin β cos δ sin ζ − cos α cos δ sin ǫ cos ζ

+ sin α sin β sin δ sin ǫ cos ζ − sin α cos β sin γ cos ǫ cos ζ (10)
d31 = sin β cos γ (11)
d32 = cos β sin δ cos ǫ − sin β sin γ sin ǫ (12)
d33 = cos β cos δ cos ζ − cos β sin δ sin ǫ sin ζ − sin β sin γ cos ǫ sin ζ (13)
d34 = − cos β cos δ sin ζ − cos β sin δ sin ǫ cos ζ − sin β sin γ cos ǫ cos ζ (14)
d41 = sin γ (15)
d42 = cos γ sin ǫ , (16)
d43 = cos γ cos ǫ sin ζ (17)
d44 = cos γ cos ǫ cos ζ . (18)
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Implementation
S0 Vibrational Levels aounted for in the Intensity Fits

S0 level ν̃exp [cm−1]
482 89

471481 133
472 175
484 201

471483 231
472482 275
461481 280
473481 313
461471 326
472484 355
461483 375

461471482 419
451481 441

461472481 461
462 476

451471 486
451483 538
462482 563

451471482 570
451461 636
462484 649
462472 654

451461482 728
463481 757

452 795
463471 799

S0 state S1 state
ν̃
′′

45 = 398 cm−1
ν̃
′

45 = 201 cm−1

ν̃
′′

46 = 238 cm−1
ν̃
′

46 = 127 cm−1

ν̃
′′

47 = 88 cm−1
ν̃
′

47 = 67 cm−1

ν̃
′′

48 = 45 cm−1
ν̃
′

48 = ?Dushinsky Simulations10 SVLF spetra, eah ontaining26 bands, and the FE spetrumwere �t.All 62 bands possible (up to v = 4)in eah SVLF spetrum are plotted.



ImplementationFrank-Condon integralsCalulation of four-dimensional Frank-Condon overlapintegrals by using reursion relations involving harmoniosillator wave funtions. P. T. Ruho�, Chem. Phys., 1994, 186, 355.Fit Parameters6 Dushinsky angles and the S1 frequeny of normal mode ν48were �tted simultaneously.Fit Funtion & Searh AlgorithmUnweighted least-squares sum �t funtion
FI =

N∑

i=1

[
I
calc
i

− I
exp
i

]2was minimized using a Pattern Searh algorithm.



ImplementationEquivalent Parameter SetsFor any N-dimensional Dushinsky mixing between totally symmetrivibrations there are
2 · 2Nmathematially equivalent sets of parameters, in the ase of non-totallysymmetri vibrations
2Nmathematially and physially equivalent parameter sets.E. g. 2D mixing between non-totally symmetri modes:

α1 = 50
◦ α2 = 50

◦
+ 180

◦
=230

◦

α3 = 360
◦
− 50

◦
=310

◦ α4 = 360
◦
− 50

◦
− 180

◦
= 130

◦Fitting ProedureSVLF spetra were �tted aording to prima faie inreasing omplexity2-Mode-Mixing → 3-Mode-Mixing → 4-Mode-Mixing



Dushinsky Simulations
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Dushinsky Simulations
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Dushinsky Simulations
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Dushinsky Simulations
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Dushinsky Simulations
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Dushinsky Simulations
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Dushinsky Simulations
45

1
047

1
0 SVLF spetrum 4-Mode-Mixing

0 100 200 300 400 500 600 700 800 900

461483

484

 
Fl

uo
re

sc
en

ce
 In

te
ns

ity
 [a

rb
. u

ni
ts

]

Relative wavenumber [cm 1]

45 46      = 0.39°
45 47      = 2.2°
45 48      = 58°
46 47      = 8.0°
46 48      = 57°
47 48      = 27°

'48 = 349 cm 1

451047
1
0

482

471481

461481

461471

451471

451481



Finally. . .ConlusionThe intensities of ∼ 280 overtone and ombinationtransitions of 4 non-totally symmetri vibrations in10 SVLF spetra and the �ouresene exitationspetrum were �t in an automated least-squares�tting proedure with 7 Parameters to determine theamount of Dushinsky mixing between them.As a onsisteny hek, all ∼ 640 vibroni bands (upto v = 4) were simulated. These simulations yieldedastonishingly onsistent results.OutlookCurrently, CASSCF alulations for the S0 and S1state are underway to eluidate the Dushinskyanalysis in light of the π � π∗ transition involved inthe eletroni exitation.Eventually, Stimulated Emission Pumping PopulationTransfer experiments will be arried to determine theenergy di�erenes between onformers and thebarriers to oformational isomerization. S0

S1
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