Ultrafast laser excitation and rotational de-excitation of cis-stilbene
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ABSTRACT
A redlistic dynamical smulationisreported for ultrafast laser excitation and rotationd
de-excitation of cis-stilbene Uponirradiation by alaser pulse with a FWHM of 100fs,

themolecule first rotates aroundits vinyl bondto about90;, where an avoided crossing

leadsto electronic de-excitation. The molecule then immediately twists back to about

- 60; within only about80fs, avoiding isomerization. The other prindpd dihedral angles,
within the phenyl rings lag behindin time, so there is significant large strain between the
phenyl ringsand vinyl bond Theimportance of these rotationsindicates tha the
expeaimentally observed solvent dependence of excited state lifetime is assoaated with

thetorsiond dynamics of the phenyl rings

*Corresponding author. Fax: 9854484927
Email address. Yusheng.Dou@nicholls.edu (Y. Dou)



INTRODUCTION

Thephotbisomerization of stilbeneis a prototypica reaction[1] related to the
natural cis-transisomerization process of retind [2] (thechromophoee of rhodops$n), and
the effects of different environments on the phoisomerization process [3-6]. In stilbene
isomerization can start from either thecis or thetransisomer. However, thereaction
proceeds much faster from the cis geometry, on atime scale of roughly 0.3-0.5
picosecond as compared to 10-20 ps[7,8]. The presently accepted mechanism [8] isas
follows: Oncein theelectronically excited state, the molecule rotates aboutits vinyl bond
toward the minimum of the patential energy surface. From this minimum, or Qohantom
stateQ the molecule decays nonaliabaically to thegroundstate, and finadly emerges as
eithe the produd trans-stilbene or the origind reactant cis-stilbene. For thegas phese, an
energy barier of about0.15 eV has been determined experimentally for aninitial trans
geometry [9, 10], whereas a much smaller barrier, no more than 0.05eV, wasfoundfor
aninitia cisstructure [5, 11].

Experimenta evidence[1, 12, 13] showsthat the photoisomerization processis
more complicated than mere torsiond relaxation aroundthe bondlinking thetwo phenyl
rings in part because of the steric interaction between these rings[14] which results from
thar nonpbna arrangament in the molecule.

Thedynanica phobisomerization processes for both cis- and trans-stilbene are
strongly affected by the solvent propeties. The excited molecule in cis-trans
phobisomerization has a shorter lifetime in polar solvents than in nonpokr. It was found
experimentally tha thelifetime of an excited molecule is 0.32 psin thegas phase [15],

but 0.5 psin methanol [4], 1.0 psin isopentane, 1.6 psin hexadecane[11], and 2.1 psin



hexadecane[4]. In order to undestand the experimental observations solvent viscosty
modds have been proposd, which indudetheinfluence of the solvent ontheinternd
rotation aboutthe central vinyl bond[16, 17]. We will see bdow tha, in addition to
rotation aboutthevinyl bond,the rotationsabouttwo vinyl-phenyl bondsalso play a
significant role, and we expect all these rotationsto beinfluenced by solvent-solute
interactions It should be mentional tha involvement of the phenyl-vinyl torsionin the
phobisomerization has been suggested earlier [18, 19], although no specific condusons

can bedrawn from these previousinvestigaions

METHODOLOGY

We use a semiclassical method in which the states of the valence electrons are
calculated usng the time-dependent Schrsdinge equaion, but both the radiation field
and the motion of the nudel are treated classically. According to time-dependent
perturbaion theory, such a semiclassical treatment effectively indudes effective Qn-
phobnGand Oh-phonon@rocesses in absorption and stimulated emission. This allows us
to examine nontivia processes such as multi-electron and multi-phoon excitations the
indirect excitation of vibrationd modes, intra-molecular vibrationd energy redistribution,
and interdependence of the variouselectronic and vibrationd degrees of freedom

A deailed explanaion of this approach has been published elsewhee [20, 21], so
only a brief description is given here. The oneelectron states are renewed at each time

step by solving thetime-dependent Schrsdinge equationin anonathogonabasis,
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where S is the overlap matrix for the atomic orbitals. The vector potential A of the
radiation field is coupled to the electronsthroughthe time-dependent Peierls subditution

[22]
H,X-X)=H)X- X')exp(;l—i A-(X- x')). 2

Here H,, (X -X") is the Hamiltonian matrix element for basis fundionsa and b on
alomsat X and X' respectively, and g = —e isthecharge of the electron.

The Hamiltonian matrix, overlap matrix, and effective nudear-nudear repulsion
are based on dengty-fundiond calculations[23]. In our previousinvestigaions this
same modd was foundto yield gooddescriptionsof molecular respong to ultrashort
laser pulses. For example, the explanation of the nonthermal fragmentation of Cgo [24]iS
in goodagreement with experimental observations the simulation of the formation of the
tetramethylene intermediate diradical [25] is congstent with time-of-flight mass
spectrometry measurements, and the characterization of thegeometry changes at some
critical points[26] is compdible with molecular mechanics valence bondcalculations

Thenudear motionis updded by the Ehrenfest equation of motion
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where U,¢, istheeffective nudear-nudear repulsive potential and X, = </@,a> isthe
expectation value of thetime-dependent Heisenberg opeator for the o coordinate of the
nudeuslabded by | (with o = x,y,z). Equaion (3) is the approximation to the exact

Ehrenfest theorem tha results from neglecting terms on therighthand sidetha are

second-order in X —<)?,a> .



Thetime-dependent Schrsdinge equdion (1) is solved usng a unitary algorithm
obtained fromthe equaion for thetime evolution opaator [27]. Equédion (3) is
numerically integrated with thevelodty Verlet algorithm (which preserves phase space).
A time step of 50 attosecondswas used, since energy congservation was then foundto
hold to better than 1 pat in 10° in aonepssimulation for cis-stilbeneat 298K. A few
tensof smulationsare run with different choices for thelaser parameters, such as fluence
and duration, in order to obtain a clear example of the process beng studied.

As indicated in Fig. 1 (@), al nudear degrees of freedom are indudeal in the
calculation. Before the cis-stilbene molecule is coupled to the vector potentid, it is
allowed 1000fs to relax to its optimized geometry at a temperature of 300 K. The laser
pulse was taken to have a full-width-at-hdf-maximum (FWHM) duration of 100 fs (with
a profile which is very nearly Gaussian), a fluence of 0.90 k¥m? and a wavelength
corresponding to a phoon energy of 6.50 eV. This wavelength matches the dengty-
fundiond energy gap between the HOMO and LUMO levels of cis-stilbene Thefluence
was cho®n such that theforces onthenude are large enoughto make the isomerization
reaction occur without breaking C-C or C-H bonds A similar reaction pah with a
dightly different time scale has been obtained by Martinez& group[2§].

It should be mentionad tha the present (EhrenfestOapproach is complementary to
other methods based on different approximations. Its weakness is tha it amourts to

averaging ove al thetermsin the Born-Oppenhe@mer expanson [29-33]

‘Pmml (Xn!'xe’t) = Z‘P”l (Xn,l')\Pei (-xe)Xn)

rather than following thetime evolution of a single term Di. e, asingle potential energy

surface B which is approximately decoupled from all the others. (Here X, and x,



represent the sets of nudear and electronic coordinaes respectively, and the \V*, are
eilgendates of the electronic Hamiltonian at fixed X, .) However, the present approach
also has strengths It retainsall of the 3N nudear degrees of freedom (ingead of only the
2 or 3 tha are typically consdered in a potentia-energy-surface calculation) and it
indudes both the excitation dueto a laser pulse and the subsequent de-excitation at an

avoided crossing near a conical intersection[31-33,35-37].

RESULTS AND DISCUSSION

Six sngpshots from the smulation at different times are shown in Fig. 1, with all
atoms labded to facilitate the discussion bdow. Starting from the equilibrium geometry
in the electronic ground state at ¢ = 0, the cis-stilbene molecule is electronically excited
by the laser pulse (which has a full duration of 200 fs) and then rotates about the vinyl

bond.Thistorsiond anglereaches 45; at 212fsand 90; at 307 fs. Immediately after 308
fs, the molecule rotates back aroundthe vinyl bond to 43; at 343fsand - 62 at 384fs.
Findly this angle staysin thevicinity of 5; for theremainde of thesimulation, indicating
areturn to thecis-stilbene geometry.

Thevariationswith time of thetorsiond angles for both thevinyl bondand thetwo
vinyl-phenyl bondsare shown in Fig. 2. It can be seen tha, after reaching 90; at about
300fs, thevinyl-bondtorsiond angle (Cs-C7-Cs-Cy) decreases to about- 60; within less
than 100fs, and then changes back to about5j shortly after 400fs, findly fluctuaing

aboutthis valueuntl theend of thesmulation. On the othe hand, thetwo torsond

angles aboutthevinyl-phenyl bonds(Cs-Cs-C7-Cg and C7-Cg-Cy-Cy) decrease sowly



before 350fs, and then rise quickly to agan ocillate aroundther initial values.

It can beseen in Fig. 2 tha all these torsond angles vary significantly only after 200
fs (when thelaser pulse radiation has ended), demondrating tha thetorsond modes are
notdirectly excited by laser absorption, and tha the energy for thetorsiond motion mugt
come from other vibrationd modes throughintramolecular vibrationd energy
redistribution. Both the decrease before 300fsin thevinyl-phenyl torsiond angles and
theincrease afterward are assodated with globd geometric relaxation of thestilbene
molecule, with this phenyl-ring motion lagging behind thevinyl-bondrotation. Thelarge
strain between the phenyl ringsand vinyl bondis adriving force for thetorsiond
dynanics of the phenyl ringsto achieve new equilibrium postions Theimportance of all
three rotationsindicates tha the experimentally observed solvent dependence of excited-
state lifetimes is assodated with thetorsiond dynamics of the phenyl rings which
produces de-excitation of the molecule and which is affected by the propeties of the
solvent.

Themod remarkable featurein Fig. 2 isthe sharp decrease in the vinyl-bond

torsond angle immediately after 300fs, asit changes by 152; within about100fs. This

rapid rotation results from a nonaliabatic process: electronsundegoalL UMO to HOMO
trangtion which will be discussed bd ow.

Thevariationsof thelengthsof the vinyl (C;-Csg) and vinyl-phenyl (Ce-C7, and Cs-Cy)
bondswith time are presented in Fig. 3. Thevinyl bondstretches from about1.35¢ to
an averagelength of 1.47« (typical for asingle bond) shortly after 100fs, keepsthis
length untl after 300fs, and then shrinksto lessthan 1.40 « . On the other hand, thetwo

vinyl-phenyl bonds shorten to about1.40+ by 100fs, remain near this length until after



300fs, andthen return to an averagelength of 1.45 « . The stretching vibrations of the
two vinyl-phenyl bonds are strongly activated after 300fs, while tha of thevinyl bondis
more active after 400fs.

Thevariationswith time of thebending angles of thevinyl bondand two vinyl-
phenyl bonds are presented in Fig. 4. Both angles are initially about13G;. They sharply
drop untl after 350fs, and findly vibrate about125; with an amplitudeof as largeas 15;j.

Theenegies of theHOMO and LUMO are shownin Fig. 5. Theenergy gap
decreases dramatically after thelaser pulse is applied, and two couplings(avoided
crossingy: oneshortly before and oneshortly after 300fs. Then theggp reopensas the
molecule moves away fromthe geometry at 300fswhich is responsble for these avoided
crossings(i.e., avalueof 90j for angle of rotation aboutthe central bond as can beseen
inFig. 2).

Thetime-dependent popuktion of the LUMO is presented in Fig. 6. Thelaser puse

excites about0.8 electronsfromtheHOMO to LUMO (a! " ! * excitation) duringthe

200fsfull duration of the pulse. A further increase at about280fsresults from an upward
trangtion at thefirss HOMO-LUMO avoided crossng mentioned above Depopuktion
takes place soonafterward at the secondavoided crossing, and there are about0.3
electronsremaining in the LUMO after 300fs. Another, smaller decreasein the
popuktion of the LUMO shortly after 900fsisinduced by coupling between the LUMO
and LUMO+1.

Thetranger of electronsfrom LUMO to HOMO at about300fs nearly bringsthe
molecule back to the electronic groundstate. Thisis confirmed by thechangesin the

lengths of the Cs-C7 and Cg-Cg bondsat about300fs, as shown in Fig. 3, where



essentially two doubk bondsbecome single bonds This de-excitationis aso responsble
for therapid rotation of the molecule aboutthevinyl bondwhich is shown in Fig. 2.

It is of interest to compare thedynanics of the cis-cis and cis-trans[26]
isomerization processes. The molecule reaches the phantom state at 307fsfor thecis-cis
reaction and 330fs for the cis-transreaction. It decays to the electronic groundstate at
310fsfor cis-cisisomerization and 440fsfor cis-transisomerization. Thetime dday in
the decay to the electronic groundstate for the cis-transreaction results from the back
and forth motion of themolecule in thevicinity of the minimum of potential energy for
theelectronically excited state, before it is de-excited by electronic trandtionsresulting
from stronginteractionsof the HOMO and LUMO beween 300fs and 400fs, as
discussed in Ref. [26]. Perhgpsthemod notable difference in thetwo dynamical
processes, after themolecule enters the electronic groundstate, isthe much faster
movement toward cis-stilbene In cis-transisomerization, the molecule rotates aboutthe
vinyl bondfrom about90j to 180jin 270fs, much sower than therotation from about
90j to - 60; incis-cisisomerization. The much faster backward rotation of the molecule
indicates tha the dopeof thereaction pahway aong the potential energy surface of the
electronic groundstate is much steeper for backward motionthan for forward, when the

molecule startsin the phantom state.

CONCLUSION
Ultrafast torsiond rotation of cis-stilbene aboutits ethylenic bondis observed when
themoleculeisirradiated by alaser pulse of aFWHM of 100fs. The excited molecule

decays from to the electronic groundstate throughnonaliabatic trangtioninduced by a



stronginteraction between theHOMO and LUMO levels. It isfoundtha bath the
torsond motionsaboutthe ethylenic bondand the ethylenic-phenyl bondsand the bond
bending vibrationsbetween these two types of bordsplay significant rulesin this strong
interaction. Compared to the ultrafast rotation of cis-stilene aboutits ethylenic bond,the
rotationsabouttwo ethylenic-phenyl bondsarerelatively ow andlag behindin time.
Thislargestrain significantly affects thetorsiond dynamics of cis-stilbenearoundits
ethylenic bond.Because of therelatively large size and thefact tha thelaser excitationin
cis-stilbeneis significantly ddocalized, therotation of aphenyl ringin asolutionis
viscodty dependent. Thisindicates tha theexperimentally observed solvent dependence
of excited-state lifetimes is assod ated with thetorsond dynamics of the phenyl rings
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FIGURE CAPTIONS

FIG. 1. Sngpshots taken at different timesin a ssmulation of cis-stilbeneresponding
to a100fslaser pulse, with other parameters given in thetext.

FIG. 2. Changes with timein thedihedra angles Cs-C7-Cg-Cy, H1-Cs-C7-Hg, and H-
Cs-Co-Hio.

FIG. 3. Time dependence of (a) the C7-Cg and (b) the Cs-C; and Cg-Cy bonds

FIG. 4. Variation with time of the Cs-C7-Cg and C;-Cg-Co bondbending angles.
FIG. 5. Variation with time of the HOMO and LUMO levels.

FIG. 6. Time-dependent popuktion of the LUMO.
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FIGURES
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Fig.2
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Fig. 4
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Fig.6
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