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Transient Spectral Features of a cis-trans Photoreaction in the Condensed Phase:
A Model Study
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A theoretical description to calculate transient absorption spectra of photoreactive systems in the condensed
phase is developed. The formulation comprises a multidimensional model of nonadiabatic photoisomerization,
a Redfield treatment of the environment within the secular approximation, and a deomvaiow formulation

to calculate transient pumjprobe spectra. Employing the eigenstate representation and assuming Gaussian
laser pulses, we derive explicit expressions for the doorway and window operators. The formalism scales
with N? (N being the dimension of the system Hamiltonian matrix) and therefore allows us to handle
multidimensional molecular models. Detailed computational studies of the dynamics and transient absorption
are presented for various eirans photoisomerization models. It is shown that only the two-mode model
involving a conical intersection yields short-time transients, as expected for a condensed-phase system. Problems
in the interpretation of transient spectra associated with the competition (and cancellation) of the various
spectroscopic contributions in a photoreaction are discussed in some detail. The computational studies
demonstrate the need for theoretical modeling in order to achieve a microscopic interpretation of femtosecond
experiments.

1. Introduction S,
Ever since femtosecond lasers became available to researchers\_l_//_\
in chemical physics, ultrafast laser pulses have been employed

as a “real-time camera” to observe elementary photochemical
processe$.Most of these experiments are of the puagsobe
type; that is, at time = O the molecular system is prepared by
the first pulse (the pump) into a nonstationary state, the time
evolution of which is interrogated by a second pulse (the probe)
at timet = At. An important class of photoreactions, which ;
has successfully been investigated by femtosecond spectroscopy, <
is cis—trans photoisomerizatioh® Examples include small
molecules in the gas phase such as ethand organic photo-
switches such as azobenzen@ to photoactive proteins such
as rhodopsifi.To illustrate the spectroscopic response of a-cis
trans photoisomerization reaction, Figure 1 schematically shows
the potential-energy curves of such a system, plotted as a func- iy

tlon_of _the torsional reaction (?oordlnate Following the photo- Figure 1. Scheme of the diabatic (solid line) and adiabatic (dotted
excitation of the molecule at tinte= 0, the system may undergo  jine) potential-energy curves of the eirans photoisomerization model
cis— trans isomerization (solid arrows) as well as back-reaction ynder consideration. Following photoexcitation of the system at a wave-
to the cis configuration (dotted arrow). Employing a time-de- length of 500 nm, the system may undergo-eidrans isomerization
layed laser pulse to probe the dynamics, we find that at early (solid arrows) as well as a back reaction _tO the cis configuration (dqt_ted
times the photoinduced excited-state population gives rise to arrow). Probing the system by a second time-delayed laser pulse initially

stimulated emission and excited-state absorption. However, thed1Ves rise to stimulated emission (SE), excited-state absorption (ESA),
’ and a bleach of the ground state. At later times, the transient spectrum

reduceq populatio'n in the electronic grou'nd state causes a bleackly hibits photoproduct absorption (PA) at a wavelength-670 nm as
of the cis absorption band as well as stimulated impulsive Ra- \el| as the absorption of the recovered reactant at 500 nm.

man scattering. At later times, the transient spectrum is domina-

ted by the absorption of the photoproduct in the trans config- techniques including (for the example of bacteriorhodopsin)
uration and by the absorption of the recovered reactant in the fime.resolved fluorescentand Ramahspectroscopy, infrared
cis configuration. Because the spectral bands associated W'thprobingg multipulse technique¥, and photon echo experi-
the various processes typically overlap (at least partly) and be- anal a5 well as ultrafast spectroscopy on modified chro-
cause the ppsmve (by convention) absorption S|gnal and the mophores? In particular, the detection of the fluorescence
negative emission signal cancel each other, the Interpretation,; s 1o study the emission from the excited electronic state

?r]:attrasl?[rscl)iml trzgsgfézogne;(r?:grgﬁcn; sli a Qﬁnt&\giop\:gflenl exclusively and therefore monitors directly the decay of the
gly dep pport. ’ excited-state population.

interpretation may be supported by complementary experimental . . o .
A suitable theoretical description of the time-resolved spec-
* Corresponding author. E-mail: stock@theochem.uni-frankfurt.de.  troscopy of cis-trans photoreactions has to take into account
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several issues. First, it is well established that the twisting of a anyway, there is no major additional effort when combining
double bond typically leads to an electronic curve crossing, the doorway-window and secular Redfield formulations.

which causes nonadiabatic relaxation of the system from the In this work, a theoretical study of the femtosecond transient
electronic excited-state back to the ground stét&xtensive absorption of a cistrans photoreaction is presented. The
ab initio studies have shown that this ultrafast internal conver- formulation consists of the following parts: (i) A recently
sion process typically involves several accepting modes (say, proposed model of nonadiabatic isomerization that takes into
one to three apart from the reaction coordinate), which need to account two coupled electronic states, one reaction coordinate,
be considered in the calculatiéh4 Second, an appropriate  and one vibronically active mod&:?°(ii) a Redfield treatment
description needs to account for the subsequent vibrationalof dissipation within the secular approximation; and (iii) a
cooling of the photoproducts (i.e., the vibrational energy doorway-window formulation to calculate transient pump
redistribution between the initially excited modes and the probe spectra. Employing the eigenstate representation and
remaining degrees of freedom). This is because vibrational assuming Gaussian laser pulses, we derived explicit expressions
cooling stops the system from oscillating between the coupled for the doorway and window operators. The validity and
states and is responsible for the localization of the molecule in accuracy of the formulation are checked by a comparison to
a specific configuration. Finally, the interaction of the system (numerically) exact nonperturbative reference calculations. The
with the laser pulses should be described explicitely (i.e., either remainder of the paper is concerned with a detailed numerical

by perturbative calculatior$, with respect to matterfield study of the transient spectral features of-dimns photo-
coupling, or by a nonperturbative simulation of the experi- isomerization as monitored in a femtosecond ptipmwbe
ment9), experiment. The analysis considers both the short- and the long-

time evolution of the spectra. Problems with the interpretation
of transient spectra due to the competition (and cancellation)
of the various spectroscopic contributions in a photoreaction
are discussed in some detail.

Although there have been numerous works in each of the
topics listed above, it is difficult to account for all three issues
in the same formulation (i.e., to combine a multidimensional
nonadiabatic molecular system with dissipative coupling to the
environment and an explicit treatment of the laseolecule
interaction). On one hand, a multidimensional model system
results in a large dimensiaN of the Hamiltonian matrix. On 2.1. Model SystemTo describe the dissipative dynamics of
the other hand, the numerical effort of a Redfield treatment of a photoisomerization reaction, the usual systérath approach
dissipation (i.e., a reduced density-matrix description that is employed in which the molecular Hamiltonian
assumes weak systerbath coupling and the Markov ap-

2. Theoretical Formulation

proximation for the bath resporidéd scales witH\3, which in Hy = Hs+ Hg + Hgg (2.1)
practice means tha < 10°. Similarly, a standard nonpertur- . . o _
bative treatment of the mattefield interaction scales withi3, is partitioned into the system Hamiltoni&ty representing the

and eigenstate-free perturbative expressions that contain multipleiSomerizing chromophore including the vibrational modes
time response functions are usually even more cumbersome tiréctly involved in the reaction, the bath Hamiltoniafy
evaluatet For this reason, explicit calculations of pumprobe comprising the remaining modes of the chromophore and the
spectra for dissipative systems have so far been performed onlynVironment, and the couplirtgss between the system and the

for a few systems, including the damped harmonic oscillator €nvironment.

. . . . . . i i 8,29 i
(which gives analytic response functiotfnd various exciton Following earlier worlé®**we assume that the main aspects
and electron-transfer systeffs24 of the cis-trans photoisomerization can be modeled by an

. . - . electronic two-state system. Adopting a diabatic electronic
To facilitate a generally applicable description of nonlinear ) . . . .
gy . representation with the diabatic electronic ground stageand
spectroscopy for a system requiring a large dimenbliarfi the

system Hamiltonian, it would be clearly advantageous to invoke the first excited statgys() the system Hamiltonian is given as

suitable approximations such that the resulting method merely?{fj}um of the kinetic energyand the diabatic potential matrix
n

scales withN2. In the Redfield formulation, for example, one

may adopt the secular approximati&ri8 which retains only _

the secular (i.e., resonant) terms of the Redfield tensor. As a Hs= n=Z\ 2|1/1an+ Vel + {lvolVoildal + e} (2.2)
consequence of this assumption, only the diagonal elements of -

the reduced density matrix need to be evaluated numerically where the second excited electronic statelis included to
(i.e., the propagation of the Redfield equation scales W#h account for thely0— |y.0excited-state absorption. In this
9. To reduce the numerical effort of the spectroscopic paper, results will be given for two models of nonadiabatic
calculations, it is often assumed that the pump and probe laserphotoisomerization: the simplest case including a single reaction
pulses do not overlap in time. On the basis of this assumption, coordinatep as well as a more realistic two-mode model that
several formulations to calculate nonlinear spectra have beenadditionally contains a vibrational coordinaj¢hat collectively
proposed, including the semiclassical Fran€london prin- accounts for all vibronically active modes. The models differ
ciple?® a convolution schem¥, and the so-called doorway also in the diabatic couplinyo; = Vio. For the single-mode
window representatioff. Whereas the first two methods are model, the diabatic coupling is constaM; = Ao, but the
wave function formulations that allow for an eigenstate-free coupling of the two-mode model is coordinate-dependéesit,
evaluation, the latter represents a density-operator formulation= 1g. As a consequence, the adiabatic potential-energy curves
that facilitates the inclusion of dissipation. Moreover, assuming of the single-mode model exhibit an avoided crossing at
exponential pulse shapes and introducing the eigenstates of theé/,, whereas the potential-energy surfaces of the two-mode
system Hamiltonian, it has recently been shown that the model exhibit a conical intersection, also called a “photochemi-
evaluation of the doorway and window operators also scales cal funnel”, which causes a fast and efficient isomerization
with N2.24 Because the numerical propagation of the Redfield process.Itis noted that the latter model was originally designed
equation is usually performed in the eigenstate representationto reproduce the transient absorption of retinal in rhodofsin.
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Representing the torsional motion along the reaction coor- a .
dinate in terms of cosine functions and employing the harmonic P —lwjoy + ;Rijklakl (2.7)
approximation for the vibrational modg the matrix elements ,

of the Hamiltonian are given & whereo denotes the reduced density matrig, = E — Ej, and

Rjx represents the Redfield relaxation tensor, which describes

2 2
= — 10 od (2.33a) the interaction of the molecular system with the bath. As a
2 8(p2 2 E)q2 further simplification, we employ the secular approximation,
5 w2 which considers only the resonant terms of the Redfield tensor
V,,=E,+ > (1 —cosg) + >4 + 0kq (2.3b) Ri, that is, terms satisfyingy; — ww = 01718 The secular

approximation affects a decoupling of the diagonal and off-
where dimensionless coordinates dnet 1 are employed. In  diagonal elements of and therefore leads to a? scaling of

the case of the single-mode model, all terms containjigeq the reduced density-matrix propagation. Various studies have
2.1 are neglected. Following refs 28 and 30, the parameters ofshown that this approximation tends to suppress vibrational
the models are (in eV) ™! = 4.84 x 104 Eo = 0.0, E; = coherences at early propagation tiri@&33As shown in ref
2.48,E,=4.91,Vo=3.6,V; = — 1.09,V, = 2.0,w = 0.19, 30, however, the secular approximation is well justified for the
« = 0.095,1 = 0.19, andly, = 0.065. present single-mode model. In the case of the two-mode model,
2.2. Dissipative DynamicsAs is common practice, the bath ~ the secular approximation underestimates the oscillations at early
is described within the harmonic approximation times, yet the long-time dynamics is still described correctly.

Because we are especially interested in monitoring the cooling

@q ) process to a preferred molecular configuration after photoex-
Hg = Z_(Xa +p;) (2.4) citing the molecule, it is therefore justifiable to employ the
« 2 secular approximation. A more detailed discussion of the validity

of the secular approximation for various multidimensional
isomerization models is given in ref 25.

2.3. Definition of Spectroscopic SignalsTo describe a
spectroscopic experiment, the total Hamiltonian is written as

wherex, andp, represent the position and momentum operators
pertaining to theath vibrational mode, respectively. For the
system-bath coupling, we choodg

Hee = 19101 Y 0 (1 — COSP)X, + GqalX, (2.52) H(t) = Hy, + H,,(1) (2.8)
Hse = ool Y 9,.o(L+COSOIX, + Fg X, (250)  “here
L ‘ Hin(t) = —uE() (2.9)
S _ T C
Hsp = E(HSB +Hsp) (2.5¢) accounts for the interaction of the molecular system with the

radiation field within the dipole approximation. The electronic
Because (I~ cos¢g) is maximal forg = +u, for HEB the bath transition dipole moment operator can be written as
couples predominantly to the trans configuration. Furthermore,
the projection onto the diabatic stdte;affects the coupling u= Zlimtij 0l (2.10)
to the adiabatic ground state in the trans configuration. 7]
(Remember that the diabatic potential-energy surfaces are
inverted in eq 2.3b.) Hencet—,lgB predominantly affects the
localization of the system in its ground-state trans configuration.
Similarly, H(S:B leads to a preferred localization of the system in
its ground-state cis configuration. As a third case, a symmetric E(t) = E,(t) + Ex(t) + c.c. (2.11a)
coupling H§B is considered, in which the bath couples to both

where w; is the Franck-Condon factor for the electronic
transition between eigenstat@sand|jCassociated with different
electronic states. The external electric fiélft) is defined by

the cis and the trans configurations, respectively. The coupling E(t) = €i o (t= 0)(dom?) g-ion(t — 1) (2.11b)
constants,  andgg,, are chosen according to an Ohmic spectral ' Vror )
density [
. with o = 1/(16 In 2). Gaussian-shaped pump and probe pulses
J(w) = _zgfaé(w —wy) = niwe’“”“’” (i=¢,0q) Ei(t) andEx(t) are characterized by their carrier frequencigs
24 and w, and their durationg; and 7, respectively. They are
(2.6) centered at times= t;, wheret; = 0 andt, = At, representing

L the delay time of the probe pulse.
Here the overall strength of the systeiath coupling is given The key quantity in the calculation of spectroscopic signals

by the dimensionless parametgrand the cutoff frequencyc; . : - .

describes the time-scale distribution of the bath. The parametersIS the eIeptnc polarization of the system, .Wh'Ch.'S given as the
. _ expectation value of the electronic transition dipole operator

for the single-mode model are chosenjas= 0.45 andwc, =

0.035 eV, er for the two-Lnode model, We_assume ﬁt?%la# P(t) = Tr{o(t)u} (2.12)

0.025,w¢, = 0.035 eV,nq = 0.025, andwcq = 0.19 eV:

To describe the dissipative dynamics of the system, we In this work we are concerned with the differential absorption
employ the Redfield approach, that is, a second-order perturba-spectrum that is calculated from the polarization induced by
tion theory with respect to the systerbath interaction com- both the pump and probe pulses minus the polarization induced
bined with a Markov approximation for the relaxation opera- by the probe pulse. Usually, two different detection schemes
tors1718 Adopting the system eigenstate representatidgil[] are employed to measure the probe absorption. In the first
= g |I[] the Redfield equation is given as scheme, the total (i.e., frequency-integrated) intensity of the
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probe field is measured as a function of the probe center preparation of the system at timie= 0 by the pump pulse,

frequencyw, and the delay timé\t. Employing the rotating-  /w°** = [Hwm,***] is the molecular Liouvillian accounting for
wave approximation and the slowly varying amplitude ap- the dissipative time evolution of the molecular system during O
proximation!® we thus obtain <t < At, andW(wy) represents the window operator describing
the interaction of the system with the probe laset &t At.
[(w,, At) = 2w,Im f_wm dt E,(t) P*(t) (2.13) To obtain expressions for the doorway and window operators

that are useful in practice, it is convenient to neglect the system
which will be referred to as integral pumprobe signal. The bath coup_ling durin_g th_e int_erf_jlcti(_)n of the system with the laser
sign convention is such that the signal is positive for absorption fi€lds. This approximation is justified for pulses that are short
(gain of energy by the system) and negative for emission and compared to the time scale of the bath-induced relaxation. It is
bleach (loss of energy by the system). Alternatively, the probe noted, hqwever, .that petween the |nteract|0.n with the pump pulse
center frequency; is fixed, and the probe field is dispersed 2and the interaction with the probe pulse (i.e., during the delay
after the sample by a monochromator. Considered to be alimeAt) system-bath coupling is taken into account by solving

function of the dispersed frequeney and the delay timet, the Redfield equation (eq 2.7).
the corresponding dispersed purgrobe signal (or transient Within these assumptions, the do_orl/;/z;;/ operator can be
absorption spectrum) is given ¥y written asD(w1) = De(w1) + Dg(w1), with™
S, At) = 20lm Ex(w) P*(w) (2.14) D)=/ dt [ dt, E* (t) E(t —t,)
where Ex(w) and P(w) denote the Fourier transforms of the x [eMs e Mty peogitsty e 1Hs') 4y ¢, (2.18)

probe pulse and the polarization, respectively. We note that the
experimental absorption spectrum is often normalized with

respect to the incident probe intensjis(w)|2. Dy(wy) zf—oo dt’ ﬁ) dt, B* (V) By(t' — 1)
2.4. Nonperturbative Calculation of the Polarization. A Mo —iHds . eauiHds —iHg
straightforward approach to simulate femtosecond pupipbe x [e7% ue " uo*e™ e ¥ +h.c.
. . . . R . (2.19)

experiments is the direct propagation of the Liouville equation

including the total Hamiltonian (eq 2.8): where g8 = ¢(—w) describes the initial system in thermal
equilibrium. As is well known, the interaction with the pump

%o(t) = —i[H(t), o(t)] (2.15) pulse creates a “particle” in the excited electronic state described

by Deg(w1) and a “hole” in the ground electronic state represented

by Dg(w1). In the measured spectroscopic signal (eq 2.13),

De(w;) leads to stimulated emission, excited-state absorption,

and photoproduct absorption, arfy(w:) gives rise to the

ground-state bleach and the stimulated Raman contribution.
The window operator can be written as

This method is well established for the wave function formal-
ism?%16and was also extended to a density-matrix descrigfion.
In contrast to the commonly applied perturbation theory, this
approach is obviously applicable for any strength of the laser
fields. Within the Redfield formulation, eq 2.15 becomes

5 W(w,) = [ dt [ dty E*,(t + ty) Ex(t)

0= _iwijoij + ZRijklokl+ iE(t)Z(ﬂik(’kj - ﬂkjaik) (2.16)

ot iHg iHdz  —iHgt3

% [e g ‘lzle ﬂe*iHst iHst = _iHst3 *iHstge*iHst]

—e e e

The last term in eq 2.16 implies & scaling, which makes +h.c. (2.20)

the nonperturbative approach to pufmrobe spectra within  \hjch is equivalent to the expression given in ref 27, except
Redfield theory computationally expensive for laiye Fur-  that the rotating wave approximation was not employed here.
thermore, a nonperturbative calculation yields the total polariza- Because of the interchange of the diabatic electronic statés

tion (eq 2.12), whereas for interpretative purposes one is and|y,along the torsional mode (cf. eq 2.3b), both components
interested in discriminating the various spectral contributions of the electric field, & and e*2, need to be taken into

of the polarization. In the present work, for example, we focus gccount.

on emission in the direction of the probe pulse and wish to  Adopting the system eigenstate representation and assuming
discriminate contributions originating from the ground state (i.e., Gaussian laser pulses as described in eq 2.11b, we can perform

bleach and stimulated Raman) and from the excited state (i.e..the time integrations in egs 2.18 to 2.20 analytically. As is shown
stimulated emission and excited-state absorption). For nona-in Appendix B, one obtains for the doorway operators

diabatically coupled systems, an additional complication
arises: one needs to distinguish whether an electronic transitionD (e,) = Z |bd| 029 44y ., de*afﬂ(wP opa) 1~ 0] (2.21)
is caused by vibronic interactions or via the coupling to the 4B

radiation field. In the case of the vibronic-coupling model system
(eq 2.2), it is necessary to extend the decomposition scheme
developed in ref 16; see Appendix A.

2.5. Doorway-Window Representation. Using time-de- ane

pendent perturbation theory and assuming nonoverlapping pump x {0+ 0+ (052 — 02

and probe pulses, Yan and MukaAfelhowed that the pump

probe signal (eq 2.13) can be written in the form x erfliva/2t,(2w, — wp, — wp)l} (2.22)
[(w,, At) = 2a)2Tr{W(wz)e_i’/”AtD(wl)} (2.17) whereog is the equilibrium density matrix element pertaining

to theath eigenstate and erjiis the error function. The notation
Here, D(w1) denotes the doorway operator describing the is chosen such that eigenstataSland |cClare associated with
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the diabatic electronic ground state ahdand|dCare associated
with the first excited diabatic electronic state. The Gaussian
functions contain the resonance conditions of the electronic
transition, which depend on the laser frequencies and pulse /
durations. It is seen that short laser pulses cause transitions to
many final states, thus leading to a spectrally broad signal. An
analogous calculation yields for the window operator

intensity

W(w,) = Z | bty o f g Al(wrtopd®Hortwe?
cbd

_e—ari[(wz— wpd? (w2 — wdc)zl} (2.23) 0 200 40t?me [fs6]00 800 1000
. . . ~ Figure 2. Comparison of the integral stimulated-emission signabat
which contains two resonance conditions because the rotating= 570 nm as obtained by the doorwayindow approximation (dashed
wave approximation was not employed. By neglecting the line) and exact nonperturbative reference calculations (solid line). The
system-bath coupling during the field-free propagation and latter results are shown only for times100 fs (i.e., when the pump
restricting ourselves for simplicity to the stimulated-emission and probe pulses are well separated in time).
contribution, the combination of eqs 2.17, 2.21, and 2.23 Yilds  temperature of the bath. Several test calculations for a temper-
atureT = 300 K showed that the results change only in details
Zﬂabubce“”ﬂwl‘ @ba)’ but not qualitatively. The system Hamiltonian of the isomerizing
molecule has been expanded in 2 diabatic stgtgSand|y1[]
150 free-rotor states for the isomerization coordinate, and 24
(2.24) harmonic oscillator states for the vibronic coordinate. The third
diabatic statéy,heeds to be considered only for the calculation

which reflects the three steps of a pungrobe experiment of the window operator representing the excited-state absorption.
preparation, propagation, and probirig a particularly simple To achieve numerical convergence for the propagation, it was
way. sufficient to take into account the lowelt= 110 and 800
In a similar way, the dispersed signal (eq 2.14) can be written eigenstates for the single- and two-mode models, respectively.
in terms of the doorwaywindow formalism (eq 2.17). Here  For the calculation of the window operators, more (i.e., 250
the window operatoiMw>) is replaced by and 3400, respectively) eigenstates needed to be included to
account for all resonant electronic transitions.
To study the validity and accuracy of the doorwayindow
formulation, we have compared these results to exact nonper-
><[eiHstéHst%e*iHst%e*iHst— turbative si_mulations_. As a repre_seljtativ_e example, Figure 2
shows the integral stimulated-emission signalat 570 nm
eiHst#éHstsﬂe—iHstse—iHst] obtained for the cis> trans photoisomerization of the single-
mode model. The laser pulse durations were chosenas35
+the. (2.25) fs and7, = 50 fs, and the systefrbath couplingHgB was
Adopting the system eigenstate representation and performingconsidered. The perfect agreement of the two calculations
all time integrations, we obtain suggest that the neglect of bath-induced dissipation during the
pump and probe process is justified because the pulse durations
i — a(tydo)? are short on the time scale of the systelath relaxation. The
W(w,wz)z—g |bd e peede probe duration was increased up to 100 fs (data not shown),
2B but no discrepancy between the signals was found. The
9 {e_mg(wbd_m)z( 1 1 ) computations of the data shown in Figure 2 took about 11 CPU

I(w,, At) = szzogg
a,c

2

« e—iEbAte—arg(wz — wp)?

W(w, w,) 22_17IE*2(60) f:o ot Lw dt, Ex(1) dletros)

- days for the nonperturbative calculation and about 3 CPU
seconds for the doorwaywindow calculation.
+ eara(wbd+Aw)2( 1 _ 1 _ )} (2.26) To be _specific, throughout this paper the durations of the laser
Wy~ Wy~ e Wy + wy, — le pulses will be chosen as = 35 fs andr, = 20 fs. Furthermore,
we focus on the integral pumfprobe signal (2.13). Although
whereAw = wy — w ande is a positive infinitesimal number.  one usually finds thd{w,, At) ~ Sw = w,, At), the two signals
Equations 2.21 to 2.23 and 2.26 constitute our final expres- become different with increasing frequency differefoe- w,)|
sions for the calculation of pumfprobe spectra. It should be  because the dispersed spectrum is limited to the Fourier width
noted that operator®g, De, andW need to be calculated only  of the probe pulse. To monitor the cooling process of hot
once and that both the Redfield propagation and the spectralphotoproducts, which is reflected by the tails of the transient

Wyt wptie w,—wytle

calculation scale abl. spectra, the integral pumyprobe signal is therefore better
suited.
3. Numerical Results 3.2. Spectral Features of the Initial Coherent Photody-

namics.As explained in the Introduction, transient transmission
spectra typically reflect several spectral processes that often are
hard to discriminate experimentally. In a theoretical description,
0(0) = |y | [y, (3.1) however, this problem does not occur because the various
spectral contributions are calculated separately. This is dem-
where |¢pOdenotes the vibrational ground state of the system onstrated in Figure 3, which displays all spectral contributions
Hamiltonian (eq 2.2). Furthermore, we have assumed zeroof the single-mode model with systerbath couplingHgB

3.1. Computational Details.In all calculations, we have
assumed that the system density operator is initially given by
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odb b 4 o

500 500 00
450 ALnm] ’ 450 Alnm] ' 450 Alnm]

Figure 3. Contributions to the short-time transient absorption spectrum of the single-mode model. Shown are (a) the ground-state bleach, the
stimulated emission and absorption arising from (b) the cis and (c) the trans configurations, the excited-state absorption obtained ford@idhe stan
model {» > 0), and (e) an alternative modél( < 0) as well as (f) the total transient absorption spectrum obtained as a surtdoNate the

different scales of the axes, which account for the intensities of the various contributions.

shown for the first two picoseconds and wavelengths ranging we consider an alternative model that gives the same absorption
from 420 to 650 nm. maximum for the $— S; transition, but wher&, = —2.0 eV.

The ground-state contribution to the signal is shown in Figure In this case, the S— S, energy gap decreases when the wave
3a. It reflects the bleach of the absorption band due to the packet leaves the FranekCondon region. As a consequence,
reduced population in the ground state after excitation as well the excited-state absorption shown in Figure 3e exhibits tails
as stimulated Raman emission, which gives rise to a slightly toward the red. Apart from that, the excited-state absorption
coherent oscillation of the signal. Because the recovery of the spectra obtained for the two quite different models are surpris-
ground state has hardly started within two picoseconds, theingly similar.
signal appears to be virtually stationary on this time scale. Let us now consider the total transient absorption spectrum

Panels b and ¢ show the stimulated emission£SS,) and shown in Figure 3f, which typically is the only information
absorption (& — S;) occurring in the cis and the trans accessible experimentally. We have assumed identical and
configurations, respectively. Following the excitation of the constant dipole moments for all electronic transitions and for
system by the pump pulse, the cis signal is dominated by both configurations. Given as the sum of the signals in panels
stimulated emission that is centered at a wavelength of 500 nm.a—d, the total pump-probe spectrum during the first 2 ps is
The cis signal also contains absorption in the red-shifted region clearly dominated by the ground-state bleach at 500 nm. Only
(4 > 550 nm), reflecting the transient population of vibrationally within the initial decay { < 200 fs) are traces of the excited-
excited states in the electronic ground state. In a time-resolvedstate absorption and the stimulated emission readily observable.
fluorescence experiment, the measured signal would solely A natural question that arises from the above discussion is
consist of emission from the excited state. Such an experimentto what extent the total transient absorption signal can be
is therefore well suited to investigate the decay of the initially employed to extract information about the photoisomerization
photoexcited chromophore. In the trans configuration, however, dynamics of the molecule. To answer that question, it is first
the excited electronic state is hardly populated because thehelpful to introduce time-dependent observables that account
excitation energy of the model is higher in the trans than in the for this process. A key quantity in the discussion of nonadiabatic
cis configuration; see Figure 1. Therefore the trans signal cis—trans photoisomerization dynamics is the population prob-
contains only a hot absorption band whose maximum is red ability?°
shifted to 570 nm. The absorption reaches far into the tewd (

650 nm), thus indicating highly excited vibrational states. Similar PIat) = Tr{o(t) Pyand v 22} (3.2)
to the cis signal, the trans absorption shows oscillatory features

reflecting the coherent wave packet motion of the system at where

early times.

Figure 3d shows the excited-state absorption of the model.
Assuming for the higher-lying electronic state a vertical . ) .
excitation energy oF, = 4.91 eV, we find that the absorption denotes the projection operator onto the trans configuration and

ad ad H :
band is centered at 510 nm. Furthermore, we assume a torsional¥’k L% | represents the projection operator onto tkié
potential with V, = 2.0 eV, which causes the coordinate- adiabatic state, which can be calculated from the diabatic states

dependent 5— S, energy gap to increase when the wave packet [WkJthrough a unitary trans_fgrrélsandﬁ.S|m||ar|y, we may
moves out of the FranekCondon region; see Figure 1. As a  define the population probability, (t) via the operatoPeis =
consequence, the excited-state absorption signal in Figure 3dl — Puans Figure 4a shows the nonadiabatic-¢fgans photo-
exhibits tails toward the blue spectral region. Because the isomerization dynamics of the single-mode model as monitored
structure of higher-lying electronic states is often known only by the observableB(t) and Pg*"{t). Clearly, the population
poorly, it is interesting to investigate the sensitivity of the probability Pi(t) reflects the decay of the initially prepared

measured spectrum to the properties of this state. To this end state, WhereaE’ga“s(t) monitors the build up of the photoprod-

Pirans= O(l¢| — n/2) —ml2< ¢ <37/2 (3.3)
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Figure 4. Nonadiabatic cistrans photoisomerization dynamics of the  Figure 5. Same as in Figure 4, but for the two-mode model.
single-mode model. (a) The population probabil§(t) (solid line)
reflects the decay of the initially prepared state, wherg&{t) identical and constant dipole moments for all electronic transi-
(dotted line) monitors the build up of the photoproduct. The isomer- tions and for both configurations. Obviously, the interpretation
ization dynamics is reflected in the transient absorption of the system becomes much easier if a single contribution dominates the

obtained at wavelengths of (b) 480 and (c) 570 nm. At 480 nm, the t Wh . del calculation it is clear!
total spectrum (black solid line) is dominated by the excited-state SPECtrUM. Whereas in a mode] calculation it is clearly an easy

absorption (grey solid line), and the ground-state bleach (grey dotted- Matter to choose parameters in such a way, it is important to
dashed line) and the stimulated emission and absorption (grey dashediote that there are also real systems that allow for a direct
line) play a minor role. At 570 nm, the total spectrum (black dotted interpretation of the transient absorption signals. As an example,
line) mainly reflects the stimulated emission and absorption of the cis \ve mention the cistrans photoisomerization of retinal in

configuration (grey dashed line), which cancels the trans absorption rhodopsin, which exhibits well-separated cis and trans spectral
(grey dotted line). bands? '

uct. The oscillatory structure of the observables results from = Nevertheless, the data shown in Figure 4 suggest that even
quasiperiodic wave packet motion along the reaction potential the Single-contribution signals (e.g., the stimulated emission)
curveds only approximately match the corresponding population prob-
From the discussion above, it may be expected that the ability (e.q., P{S(1). In particular, the spectral transients are
dynamics of the cis reactant is best monitored at a wavelength2dditionally seen to contain oscillatory features. A closer analysis
of 500 nm (corresponding to the cig S S; energy gap) and reveals that this finding is a consequence of Iong.-llved excned-.
the dynamics of the trans product is best monitored at a state coherences dge.to the 1D avoided crossing ass'um.ed in
wavelength of 570 nm (corresponding to the traps-SS; the model. The majority of real ultrafast photoisomerization
energy gap). Whereas the latter is true, it proves advantageoud®actions in polyatomic molecules, however, is assumed to occur
to choose a wavelength of 480 nm to monitor the cis dynamics. through a multidimensional conical intersectfoBompared to
As shown in Figure 4b, this is because at 480 nm the total signal 2voided-crossing systems, conical intersection cause a signifi-
is dominated by excited-state absorption whereas at 500 nmcantly more efficient isomerization reaction and also suppress
(data not shown) stimulated emission and excited-state absorpih€ coherent wave packet motion in the excited electronic #ate. _
tion cancel each other almost completely. Although similar in T demonstrate this effect, we have repeated the same analysis
its general features, the time evolution of the excited-state Of the spectral lines at 480 and 570 nm for a two-mode model
absorption directly reflects the delocalized motion of the wave including a conical intersection. It should be emphasized that
packet aroundp = 0 and therefore shows more oscillatory the energetics of the model is almost unchanged compared to
structure tharP‘fS(t).35 At 570 nm, on the other hand, the total thaf[ of the single-mode .model (i.e., the spectral overlap of the
signal shown in Figure 4(c) is seen to be dominated by transient VaTiOUS Processes persists). _
absorption in the cis configuration. Although the trans signal ~ Figure 5 compares the population probabiliti(t) and
compares well wittPi2"{t), the total signal at 570 nm hardly ~ Pg>"{t) and the various spectral signals at 480 and 570 nm as
reflects the dynamics of the photoproduct as expected. obtained for the two-mode model. The population probabilities
The above discussion appears to draw a somewhat pessimistiShown in panel a directly reflect the much faster photoisomer-
picture of the usefulness of transient pusagrobe spectroscopy  ization dynamics due to the conical intersection. The photore-
to interpret nonadiabatic cigrans photoisomerization dynamics. ~ action is essentially finished within 200 fs. Interestingly, the
However, it should be stressed that the example given above,total pump-probe signals at 480 and 570 nm are seen to follow
on purpose, represents a worst-case scenario in several aspectge time evolution of the population probabilities quite nicely.
for the following reasons. First, we have assumed a large spectralThe total signal at 480 nm is again dominated by the excited-
overlap of the various contributing spectroscopic processes. state absorption, which for the two-mode model compares well
Although the energy gaps of the cis and trans configurations with P$(t). From the initial decay of this signal, one may
are indeed usually quite similar, the absorption region of higher- therefore directly draw conclusions on the reaction speed of
lying electronic states may be energetically well separated from the photoisomerization. Unlike the single-mode model, the total
the other absorption bands of the molecule. Moreover, becausesignal of the two-mode model at 570 nm is hardly affected by
of the restriction of our model to one system mode, there is the stimulated emission from the cis configuration The total
hardly a Stokes shift of the stimulated emission, which again signal at 570 nm is therefore clearly dominated by the trans
would facilitate the interpretation. Second, we have assumedabsorption signal, which reflects the build up of photoproduct.
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S R R (R [ vy (e | (R (A which is shown in the upper part of Figure 6. It should be noted
2r = —0 ] & that we plot only the density that has been excited by the pump
P | T == ] ] pulse to the §state because the density that remains in the
I T = o ] electronic ground state is almost stationary and does not reflect
0' : ; L T the reaction dynamics.

After the excitation of the system by the pump pulse at time
t =0, the density is localized as a Gaussian wave packet around
@ = 0 on the upper adiabatic state. After 1 ps, about half of the
density is still in the pstate yet completely delocalized between
—0.7 = ¢ =< 0.7z. A comparison of the probability densities
pertaining to the various systerbath couplings shows that in
this initial phase the dynamics indeed is hardly influenced by
the bath. At timesz10 ps, however, the system has almost
AD completely decayed to the electronic ground state and starts to
\ I \ localize because of its interaction with the bath. As anticipated,
) \ ! ps = the syst_embath couplin_gHgB {affects the quali_zation of the
\ system in the trans configuration. The density is seen to move
\W/ i from the high-energy regions at the sides of the trans potential
A Ll \ // well (att = 10 ps) to the middle of the well (at= 100 ps)
,_/-‘—__

1F i
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\\'////\ ( _— until the system is virtually in its vibrational ground state t(at

v f—p—- ¥ = 1000 ps). Similarly, for the systenbath coupling—lgB, the

\\ /// = system localizes in the cis configuration. Because the ground-
v state energy of the cis configuration is lower than the corre-

/\ sponding trans energy, the system is found to localize almost

V completely in the cis configuration fd1=lgB but only 80% in

o 1018 the trans configuration foH;B. As may be expected, in the

— L case of the systerrbath symmetric coupling@B, the system

450 soci [ii?} 600 450 50;)L lisrg] 600 450 50‘; 15:;21600 650 localizes in both configurations, 60% in cis and 40% in trans.

The lower part of Figure 6 shows the transient absorption

Figure 6. (Upper) Time-dependent probability density along the gpectra as obtained for the three systérath couplings. At time
reaction coordinate in the excited;fRnd ground (B) electronic states t = 0, the ground-state bleach and stimulated emission give
as obtained for the single-mode model. Three systeath couplings . ' . . band tered at 500

are shown, which promote (left) the cis trans reaction, (middle) the rise o a prominent n_egatlve and centered a nm.
cis — cis back reaction, and (right) a mixture of the two reactions. Furthermore, a small positive band at 520 nm is observed, which

(Lower) Corresponding transient absorption spectra. is due to excited-state absorption. At tite 1 ps, the 500-nm
band has become smaller because of the diminished stimulated
3.3. Spectral Features of the Vibrational CoolingDuring emission (Figure 4). The red shift of the stimulated emission is

the first few picoseconds, the photoisomerization dynamics indicated by a weak negative feature between 510 and 560 nm,
depends largely on the strong interactions contained in the which directly reflects the delocalization of the density on the
system Hamiltonian but is little affected by the comparatively €xcited electronic state. The excited-state absorption now shows
weak coupling to the bath. For example, we have seen aup as a broad, blue-shifted bandiat 475 nm. As expected,
significant difference between the dynamics of the single-mode the transient absorption spectra obtained for the three system
and two-mode models, but this dynamics change would be minor bath couplings are quite similar up to this time.

if a different systemrbath coupling is assumed. (See below.)  Attimet= 10 ps, the stimulated emission and the excited-
At longer times, the situation is reversed. The system is found state absorption have already decayed to zero, but the ground-
in highly excited vibrational states of the adiabatic electronic State bleach is still virtually unaffected. Furthermore, a new
ground state, and the main dynamical process that occurs is theabsorption band emerges forz 520 nm with a peak around
vibrational cooling of the hot photoproducts due to the bath. In 580 nm. This broad absorption band accounts for the vibrational
this case, the dynamics depends largely on the kind of the cooling of the hot photoproduct. It is interesting that the overall
system-bath coupling that causes the cooling but is litle appearance of the transient absorption spectra still does not
affected by the details of the system. Therefore, in the following reflect the configuration of the photoproduct, although at this
text, we again adopt the computationally less demanding single-time the system is already localized in the cis or trans
mode model and study the long-time evolution of the system configuration. The situation becomes clearer at tinve 100

as a function of the systenbath couplingHss. As introduced ~ PS, when a peak at 575 nm arises, reflecting Sthe hot trans
in eq 2.5, we employ three types of couplinttg promotes ~ Photoproduct in the case of the CgUphﬁﬂés andHgg. In the

the cis— trans reactionHS; enforces the back reaction, and case of cis localization due télss however, there is no

the symmetric coupling—@B results in a mixture of cis and  Maximum of the photoproduct absprption band Iqecause the
trans molecules and will be denoted as eiscis/trans. ground-state bleach and the absorption of the hot cis molecules

Before discussing the spectroscopic signals, it is instructive overlap to a large extent.
to investigate the vibrational relaxation dynamics obtained for At even later times of the reaction, shown here for 1 and 10

: S . ns, the cooling process affects a narrowing and a blue shift of
the three bath types. This can be done by considering the time- . . .
dependent probability density along the reaction coordinate the photoproduct absorption bands, which make the differences

between the various systerbath couplings more pronounced.
ad ad For the cis— trans reaction, for example, a blue shift from 580
P, 1) = Tr{o(t) |y T p| Ly 1} (3.4) nm att = 10 ps to 570 nm at= 10 ns is visible. Because the
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quantum yield of the reaction is0.8, the remaining 20% cis  The partition is such that the wave vectors evolve from the
population causes a remaining ground-state bleach at 500 nminteraction HamiltoniarH;,(t) according to

In the case of the cis> cis reaction, virtually all molecules 9

react back to the cis configuration. The cooling process of the i W ()= Hip (D1 W ()T (A.2a)

hot cis photoproduct is reflected in a decrease of the ground- ot
state bleach on its red edge until it completely vanishds=at

10 ns. For the cis> cis—trans reaction, both effects are visible,
the narrowing and blue-shifting absorption band of the trans . )
product as well as the partial filling of the ground-state bleach nd from the system Hamiltoniafs according to

due to the cis product. 9
ﬁPPk(t)D: Hg W ()T (A.2¢c)

W00 Hi (D00 (A2b)

4. Conclusions . . .
wherek = g, e. That is, the external field causes transitions

We have outlined a theoretical formulation that allows us to between|W(t)Jand |W¢(t)[] and the vibronic coupling causes
calculate transient absorption spectra of photoreactive systemsransitions within|W(t)Cand [We(t)[) respectively. The decom-
in the condensed phase. The formulation comprises a multidi- position of the wave function in eq A.1 thus allows us to
mensional model of nonadiabatic photoisomerization, a Redfield discriminate between field-induced and vibronic-coupling-
treatment of dissipation within the secular approximation, and induced transitions.

a doorway-window formulation to calculate transient pump Let us now assume that the system is initially in its vibronic
probe spectra. Employing the eigenstate representation andground statgWoOand that at this time only thgPq[state is
assuming Gaussian laser pulses, explicit expressions for theprepared:

doorway and window operators have been derived. The
comparison to (numerically) exact nonperturbative reference
calculations showed that the assumptions involved are well
satisfied for the typical cases under consideration. As empha-

sized, the formalism scales wilif and therefore opens the way separate spectral processes originating from the electronic

to treat multidimensional molecular models. _ ground state and the excited electronic state. Ti(t)

We have presented detailed computational studies of the component of®(t)Caccounts for the fraction of molecules that
dynamics and transient absorption of a number of-tians have been prepared by the pump pulse in the excited electronic
photoisomerization models. The simulations have shown that siate. Upon the interaction with the probe pulse, this fraction

whereas the individual spectral contributions directly monitor yj give rise to stimulated emission and excited-state absorption.
the nonadiabatic photoisomerization process the interpretationgimijarly, the |W4(t)Jterm accounts for the fraction of the
of the total transient spectrum often will be complicated by mgjecules that are either left in the electronic ground state
overlapping spectral bands that effect a cancellation of the (yielding the bleach signal) or have been prepared by the pump
various spectral contributions. For the initial time evolution, it yise in the electronic ground state (yielding the stimulated
was found that only the two-mode model involving a conical Raman signal).

intersection yields short-time spectral features as expected for | ihe density-matrix formulation, the ideas outlined above
a condensed-phase system. At later times, the dynamics is littlejg 4 to the ansatz

affected by the details of the system but depends largely on the

coupling of the chromophore to the environment. This interac- o(t) = ay(t) + ot) + ogdt) (A.4)

tion affects a vibrational cooling of the hot photoproducts that

is typically reflected in broad absorption features that, however, Whereé ok = Wiy (k = g, € and oge = |WollWe| +

only after a while reveal the nature of the photoproduct. In |1pe[n31{g|_ Assuming that initiallyog(—ec) = 0%, the equations
summary, the computational studies demonstrate the need forOf motions read as

an appropriate theoretical modeling of femtosecond experiments B .

in order to achieve a microscopic interpretation of transient ﬁak(t) = ~ilHn (D), Oge(t)] (k=g,€) (A-5a)
absorption spectra of ultrafast photoreactions.

|W(—00) = W= [Wy(—e0)U (A.3)

Following the preparation of the system by the pump laser into
the statgW(t)[] the partition scheme (eq A.1) then allows us to

0 .
: o . 5% = ~ilHR (D), 0] (k=g € (A.5b)
Appendix A. Discrimination of Spectral Contributions

_ In the nonperturbative calculation of the electronic polariza- %oi(t) =—i[Hy, o] (i=09€e9€ (A.5c)

tion, special care has to be taken to separate the various spectral

contributions occurring in the computed pusrobe signals.  which again facilitates the discrimination of field-induced and

This is particularly true in the case of a nonadiabatically coupled vibronic-coupling-induced transitions. By direct analogy to the

system, where one needs to distinguish whether an electronicwave function formulation explained above, after the pump pulse

transition is caused by vibronic interactions or via the coupling density operatosy(t) accounts for the ground-state contributions,

to the radiation field. In ref 16, a symmetry property of the and density operatarse(t) accounts for the excited-state con-

molecular system was invoked to perform this separation. In tributions to the spectrum. Finally, it is interesting that in the

the general case, the following decomposition scheme may belimit of a weak laser field and negligible damping during the

employed?’ pulses the density matricesy, and o, are equivalent to the
The principle is most easily explained in the wave function doorway operator®y(w1) andDe(w1).

formalism. The basic idea is to decompose the total wave vector

of the system into two terms: Appendix B. Derivation of Equations 2.21-2.23

To derive the expression (eq 2.21) for the excited-state
PO = Wy (WD (A1) doorway operatoDg(w1), We insert system eigenstates in eq
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2.18, yielding
D, = Z |b|oggubauadfjooo dt’ j:o dt, o
abd

X [E* (1) Ey(t—t)e ™+ Ey(t) E* (' —t)e ]
(B.1)

By employing Gaussian laser fields (eq 2.11b) and performing
the integration ovet', we obtain

De — (8.7'[(11712)_1/22 |b|o_ggl/‘ballade—(1‘[%0)gc/2
abd
X [ dty e HeDgon onwtond g s o o2l
(B.2)

By using the equalityp; — wpa + Wpd2 = w1 — Wga — Wbd2,
we can solve the integral ovér, which gives

D.= Z |b|o-zgub e de*arfw%ﬁeﬂw%(wr Wpa— Wpd/2)?
abd (B.3)

This expression is readily converted to the final result (eq 2.21)

when the exponents are reorganized to give the resonance

conditions (1 — wpa) and W1 — wda)-
The window operator (eq 2.23) can be derived from eq 2.20
by complete analogy to the derivation above. The derivation of
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wca

1
Wy~ Wy T > =Wy E(wba—l— Wpo)

the final expression (eq 2.22) follows.
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