Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 12

DOI: 10.6060/tcct.20165912.5514

st ntMTUpOBAHMSA
Megep JI., Nmenko A.A., Kabanos F0.A., OtnétoB A.A., ['mpuues I'.B. [Ilunamuka otoancconnanuy HEyIopsIodeH-
HBIX MOJICKYJIAPHBIX aHcamOiIeH mo JaHHBIM MCTOJa ,ZlI/I(l)paKHI/II/I QJICKTPOHOB C BpEMCHHBIM Pa3pCHICHUCM. Hs3e. 8)3086.
Xumus u xum. mexnonoeus. 2016. T. 59. Bem. 12. C. 22-31.

For citation:
Schafer L., Ischenko A.A., Zhabanov Yu.A., Otlyotov A.A., Girichev G.V. Photodissociation dynamics of randomly ori-
ented molecular ensembles by time-resolved electron diffraction. lzv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V.
59.N 12. P. 22-31.

V]IK: 544.13
JI. llledep, A.A. Mienko, FO.A. JKabanos, A A. O1aéros, I'.B. 'npuyen

Jlorap Lledep
Kadenpa Xumuu u buoxumuu, Yuausepcuret mrat Apkansac, ®eviersum, CIIA
E-mail: schafer@uark.edu

Awnaronuii Anekcanaposud Uienko (B<1)
Kadenpa ananurnyeckoit xumnuu MHCTUTYTa TOHKAX XUMHUIECKUX TEXHOJIOTHH MOCKOBCKOTO TEXHOJIOTHYIE-

CKOr'0 YHUBEPCUTETA, MpocneKT BepHanckoro, 86, Mocksa, Poccuiickas @enepauns, 119571
E-mail: aischenko@yasenevo.ru (B)

HOpuii Anexcanaposuu JKabanos, Apcennit Auapeesny Otiéros, ['eopruit Bacunbesuu ['mpudes

Kadenpa ¢huzuku FIBaHOBCKOT0 rocy1apCTBEHHOTO XUMHUKO-TEXHOJIOTHYECKOr0 yHUBepcuTeTa, [llepemeTen-
ckuil p., 7, IBanoBo, Poccuiickas ®enepanus, 153000

E-mail: zhabanov@gmail.ru, otlyotov@isuct.ru, girichev@isuct.ru

JAAHAMUKA @OTOAUCCONNALIMA HEYITOPSITOYEHHBIX MOJIEKYJISIPHBIX
AHCAMBJIEN ITIO JAHHBIM METOJIA TU®PAKIINUA SJIEKTPOHOB C BPEMEHHbBIM
PASPEHIEHUEM

Beeoenue epemenu 6 ougpaxyuonHnvle memoovl U pazpadomKa OCHOGONONAZAIOULUX
APUHUUNOE UX AHAIU3A OMKPbIGAE HOBYI0 MEMOO0N02UI0 O/ U3YUEHUA HEPEXOOHBIX COCMOA-
HUIl UEHMPOE PeaKUUU U KOPOMKONHCUGYULUX NPOMENHCYMOUHBIX COCOUHEHUIL 8 2A3000PA3HBIX U
KOHOeHCUposanHvlx cpedax. B oannoii cmamope mul npednazaem 0CHOBHbIE IJIEMEHMbL MEOPULL,
KOmopble Mo2ym 0bimp UCHOIb306AHbL NPU AHANU3E OAHHBIX, NOJIYYeHHbIX Memodom TRED ona
Xaomuuecku OPUEHMUPOBAHHBIX J1A3€P0-6030yHCcOeHHBIX MOoNeKya. Pazpabomannaa meopus
npumenuma K npoyeccam pomoouccoyuayuu c0600nvix monekyn. Teopusa unnocmpupyemcs
Mmooenuposanuem gpomozenepuposannoun ouccoyuayuu monekyn ICN. Ha ocnoge moodenvnvix
pacuemos, npeoCmaeieHHbIX 8 IMOI CImamove, Mbl HPUXOOUM K 6bl600Y, umo memooom TRED
803MONMCHO UCCE006AHUE KOZEPEHMHOU OUHAMUKU nPoyeccos homoduccoyuayuu. 3asucaujue
om epemenu Oannvie memooa TRED nozeonaiom nabdaiodamv ounHamuxy omoouccoyuayuu
Hpu peanucmuyHoOM 3HAYEHUU 8DEMEHHO020 pa3peuienus memooa, cocmasnaouiezo 300 ¢pc, umo
oocmuzaemcs 8 paoe IKCHEPUMEHMATbHBIX YCmaHo60K memooa TRED.

KuatoueBsble ciioBa: 1upakiiust 3IEKTPOHOB C BPEMEHHBIM pa3pelIeHreM, IePeX0IHbIe COCTOSHHS pe-
AKIUOHHBIX IEHTPOB, MIPOLECCH (POTOAUCCOLMALINH, KOTePEHTHAs TUHAMUKA (POTOANCCOLUAIINN
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PHOTODISSOCIATION DYNAMICS OF RANDOMLY ORIENTED MOLECULAR ENSEMBLES
BY TIME-RESOLVED ELECTRON DIFFRACTION

The introduction of time in diffraction methods and the development of foundational
principles of their analysis opens up new methodologies to study transient states of the reaction
centers, and short-lived intermediate compounds in gaseous and condensed media. In the current
article, we propose the basic elements of the theory that can be employed in analyses of TRED da-
ta recorded from randomly oriented laser-excited molecules. The formalism is applicable to pho-
todissociative processes and to nuclear dynamics studies of photodissociation phenomena. The
theory was illustrated by modeling the diffraction intensities of photogenerated dissociation of
ICN molecules. Based on model calculations presented in this article we conclude that, by TRED
method, time-dependent coherent dissociation dynamics can in principle be resolved at a realistic
time scale that significantly shorter than the electron pulse duration of 300 fs, which is achieved
at present in a number of TRED experiments.

Key words: time-resolved electron diffraction, transient states of the reaction centers, photodissocia-

tive processes, coherent dissociation dynamics

INTRODUCTION

In the beginning of 1980’s, the diffraction
paradigm was formulated: implementing electron dif-
fraction with time resolution adds a temporal coordi-
nate to the determination of molecular structures [1-
4]. Time-resolved electron diffraction (TRED) rested
on the concept of flash photolysis originally proposed
by Norrish and Porter in 1949 [5]. Advances in the
generation of X-ray pulses have made possible the
closely related time-resolved X-ray diffraction
(TRXD) [6]. In both methods, short laser pulses cre-
ate the transient structures and induce chemical dy-
namics that are subsequently imaged by diffraction at
specific points in time.

TRED and TRXD as methods for structural
and dynamic studies of fundamental properties differ
from traditional diffraction methods in both the exper-
imental implementation and in the theoretical ap-
proaches used to interpret the diffraction data [7, 8].
The transition to the picosecond and femtosecond
temporal scales raises numerous important issues re-
lated to the accuracy of the dynamic parameters of the
systems studied by analyzing time-dependent scatter-
ing intensities. There is a particularly pronounced
need of corresponding theoretical basis for the pro-
cessing of the diffraction data and the results of spec-
tral investigations of the coherent dynamics of mole-
cules in the field of intense ultrashort laser radiation.
Such a unified and integrated approach can be formu-
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lated using the adiabatic potential energy surfaces
(APES) of the ground and excited states of the mo-
lecular systems under study [9-11].

To understand the dynamic features of mo-
lecular systems within the complex landscapes of
APES it is necessary to explore them in the associated
4D space-time continuum. The introduction of time in
diffraction methods and the development of founda-
tional principles of their analysis opens up new meth-
odologies to study transient states of the reaction cen-
ters, and short-lived intermediate compounds in gase-
ous and condensed media.

The use of pico- or femtosecond bunches of
electrons as probes, synchronized with the pulses of
the exciting ultrashort laser radiation, and led to the
development of ultrafast electron crystallography and
nanocrystallographic techniques [12], of dynamic
transmission electron microscopy [13-17] and of mo-
lecular quantum state tomography [18]. One of the
promising applications, developed by the electron
diffraction methods, is their use for the characteriza-
tion and the “visualization” of processes, occurring in
the photo-excitation of free molecules and biological
objects for the analysis of different surfaces, thin
films, and nanostructures (see the recent review arti-
cles [19-29]. The combination of state-of-the-art opti-
cal techniques and diffraction methods, using differ-
ent physical principles but complementing each other,
opens up new possibilities for structural research at
ultrashort time sequences. It provides the required
integration of the triad “Structure-Dynamics-
Function” in chemistry, biology, and materials sci-
ence [15, 16, 23].

In the current article, we propose the basic el-
ements of the theory that can be employed in analyses
of TRED data recorded from randomly oriented laser-
excited molecules. The formalism is applicable to
dissociative processes and to nuclear dynamics stud-
ies of dissociation phenomena. The theory will be
illustrated by modeling the diffraction intensities of
photogenerated dissociation of ICN molecules. The
results will be compared with our previous modeling
studies of randomly oriented molecular ensembles.

1. Theory: basic assumptions and approxima-
tions

A plane wave electron that is elastically scat-
tered by an atom emerges as a spherical wave with an
amplitude given by [30]:

Y(R,0) = {exp(ikR)/R}f(0), (1)
where R is the distance between the scattering center
and the detector plane and the absolute value of the
wave vector K is given by k = |k| = 2n/ with A the
wavelength of the electron. For an isolated atom, the
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atomic electron scattering amplitude f(6) determines
the amplitude of the electron beam scattered into the
angle 6 (Fig. 1).
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Fig. 1. Scheme of the TRED for random oriented molecules and
determination of the coordinates of the scattered electron. 0 - the
scattering angle, 6 (6) — a correction to the scattering angle caused
by Coulomb repulsion in the electron bunch; k, and ks - wave
vectors of the incident and scattered electrons, respectively; s -
momentum transfer vector in the laboratory frame XYZ. C- cath-
ode, A - anode, ML - Magnetic Lenses, D - Diaphragm; 1, - the
duration of the laser pulse, 1. - electron pulse duration; | - axis of
the electron bunch in the direction of its motion, R - axis of the
electron bunch in the transverse direction; 14 - the time delay be-
tween the excitation laser pulse and diagnosing electronic pulse
Puc. 1. Cxema TRED 3skcniepuMeHTa Ui POU3BOJILHO OPUCH-
TUPOBAHHBIX MOJIEKYJI U OIPEACIICHUE KOOPANHAT PACCEIHUSL
INIEKTPOHOB. O — yron paccesausi, §(0) — mompaska K yriy pacce-
sIHWs, BbI3BaHHAasA KYJIOHOBCKHUM OTTAJIKUBAHUEM B 3JICKT-POHHOM
nyuke; Ko 1 Ks — BOJTHOBBIE BEKTOPBI MAIAIOIIETO U PAC-CETHHOTO
3JICKTPOHOB, COOTBETCTBEHHO; S — BEKTOP IepeJaund UMIYyJIbCa B
nmaboparopHoit cucreme koopauaat XYZ; K — karon, A — aHof,
MJI — marauTHBIE THH3EL, J] — quadparma, T — AIHTEITBHOCTD
JJa3€PHOTO UMITYJIbCA, Te — MIATEIBHOCTD 3JIEKTPOHHOT'O UMITYJIb-
ca, | — OCB DJIEKTPOHHOI'O UMITYJIbCAa B HAITPABJICHUH €T0 JIBUXKE-
HHU, R - OCb JJICKTPOHHOI'O CI'yCTKa B IOMEPEYHOM HarpaBJie-
HHH, Td — BpeMs 3a/Iep)KKU MEX/Ty BO30YKAAIOIIMM JIa3ePHBIM
HUMITYJIbCOM U JJUArHOCTUPYIOMIUM BJICKTPOHHBIM UMITYJIBCOM

As the electron traverses the atom, it experi-
ences a phase delay, making the scattering factor
complex. While for scattering from a single atom this
phase shift is inconsequential, scattering from multi-
ple atoms may entail different phase shifts from each
individual atom.

The amplitude of the wave scattered by atom i
within a molecule is written as [30]:

¥, (R,0) = {exp(ik| R-r;| )/| R-r;| Yexp(ikoz)fi(0), (2)
where z; is the projection of the atomic position vector
r; onto the Z-axis (Fig. 1) and R is the scattering dis-
tance. Since R is a macroscopic parameter (i.e., r; <<
R), eqn. (2) can be expressed as:

i (R,0) = {exp(ikR)/R}exp[i(ko-ko)ri] fi(6), (3)
where ko and ks are the wave vectors of the incident
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and scattered electrons, respectively, and \ Ko ! :\ ksl
for elastic scattering.

Introducing the momentum transfer vector s
with a magnitude of |s|=|keks|= (4n/A)sin(0/2),
and invoking the superposition principle, one obtains
the amplitude of the electron wave scattered by the
molecular system of N atoms as:

W =Ziogn Wi= {eXxp(ikR)/RYZizy n fi(S)exp(isri) (4)

The intensity of the scattered electrons can be
expressed in terms of the electron current density j:

j(s) = (he/dmmci) (P *VY; - ¥;V¥*), (5)
where e and m, are the electron charge and mass, V
the gradient operator, and ¥;* the complex conjugate
wave function.

Using Eqgns. (4) and (5), one obtains for the
intensity:

1(S) = lo(isc/Jo) = lo Re{(1/2iko) Zicyn (¥ VY - ¥iVE)} =
= (1/R?) Re{Ziz1 fi(s)exp(isri) i1 n f*(s)exp(-isr)} =
= (1/R){Ziesn | £(5) |2 + Re Sy n Fi(S)T(6) exp(is(rin))} (6)

In equation (6), Iy is the intensity of the inci-
dent electron beam, j, (=hkee/2xm,) and js are the
current densities for the incident and the scattered
electrons, respectively. Re denotes the real part of the
function. Higher order terms, corresponding to multi-
ple scattering, are neglected for the current purpose.

Equation (6) is often written as 1(s) = 1,(s) +
Imi(S), Where the first term is ascribed the incoherent
“atomic scattering” because it does not depend on the
internuclear distances. The second term, which does de-
pend on the internuclear distances, is ascribed to the co-
herent “molecular scattering”. For each pair of atoms (i,j),
separated by the instantaneous internuclear distance,
ri = ri-rj eqn. (6) yields the molecular intensity function:
lnoi(S) = (Io/R%) Re{Z 1200 £i(8) | () | exp(iAn(s))x

xexp(isri)}, ()
where An;i(s) is the difference in the phase shifts in-
curred by the electrons while scattering from atoms i
and j, respectively [31, 32].

Inherent in egn. (7) is an approximation
known as the Independent Atom Model (IAM), which
assumes that the electronic wave function of each at-
om in a molecule is just that of the isolated atom [30].
This implies that the effects of chemical bonding on
the electron density distribution of the atoms are ig-
nored. Within the IAM approximation, the molecular
surrounding of an atom does not affect its scattering,
so that tabulated atomic scattering factors can be used
for each atom in a molecule.

Assuming single scattering processes for fast
electrons (> 10 keV) with short (attosecond) coher-
ence time, the electrons encounter molecules that are
essentially "frozen" in their rotational and vibrational

states. Thus, the latter can be accounted for by using
probability density functions (p.d.f.) that characterize
the ensemble under investigation. If the molecular
systems investigated are not at equilibrium, as is the
case in studies of laser-excited molecules, a time-
dependent p.d.f. must be used to describe the structur-
al evolution of the system. In addition, rotational and
vibrational motions can be separated adiabatically,
since the latter involves much faster processes. The
time-dependent molecular intensities can then be rep-
resented by averaging eqgn. 7 with the p.d.f. that repre-
sents the spatial and vibrational distributions of the
scattering ensemble [32, 33]:
lnoi(S,8) = (ot () windsp =(1o/R)x
xEZigan fi(S)] Ifi(s) | Refexplian(s)[K(exp(isry) hinysp}=
=(Io/R?) =iz n | Fi(s) | () | cos(An(s))
[0, Puin(Fij,t) o, Jo 2Psp (e, Big, ) exp(isris) x
XSinO(ideOtij]drij (83)
In eqgn. (8a), {...) denotes the vibrational and
spatial (orientation) averaging over the scattering en-
semble, Pyip(rij;t) and Pgy(aj,Pi,t) are the vibrational
and spatial p.d.f., respectively, and a;; and B are the
angles of the spherical polar coordinate system (Fig.
2) that define the orientation of the internuclear dis-
tance vector rj; in the scattering coordinate frame.

Fig. 2. Definition of scattering coordinates used for the develop-
ment of intensity equations in electron diffraction. 6 is the scattering
angle and ¢ the azimuthal angle in the detector plane; ko and ks are
the wave vectors of the incident and scattered electrons, respective-
ly; s is the momentum transfer vector; rj; is the internuclear distance
vector between the nuclei of atoms i and j, which are positioned at r;
and r;, respectively; and o and B give the orientation of the molecu-
lar framework with respect to the XYZ laboratory frame
Puc. 2. Cuctema KOOpAMHAT, HCIIOIb3yeMasl PU BBIBOJIE ypaBHE-
HI/Iﬁ, OMMHMCBHIBAIONIUX MHTEHCUBHOCTDL PACCEAHUSA DJICKTPOHOB.

0 — yrou paccesiHus, ¢ — a3UMYTaIbHBIN YrOJ B IUIOCKOCTH JIe-
TEKTOpa; kO u ks — BOJIHOBBI€ BEKTOPLI NAJAOMIETO U PACCEIHHOI'O
JJIEKTPOHOB, COOTBETCTBEHHO, S— BEKTOp nepeaaviu UMITYJIbCa; rlj
- BEKTOp MEXKbAJEPHOTO PACCTOAHNUS; Ojj U fjj — YIJIbI B chepude-
CKOH CUCTEME KOOpAUHAT, KOTOPAsA OIMPEACIACT OPUCHTALUIO
BEKTOPa MEXKBbAACPHOI'O PACCTOAHUA B KOOPAWHATAX PACCEAHUA

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 12 25



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 12

For spatially isotropic, randomly oriented
molecules, Pg(aij,Bi) = 1/4xn, and eqn. (8a) simplifies
to the following expression for the time-dependent
molecular intensity function:

lmoi(S:0)=(lo/R?) Zijean | Fi(5) | 1£(5) [ cos(An(s))x
x[Pyin(rij ) [sin(sry)/srildr; (8h)

The time-dependent p.d.f., Pgy(0i,Bi,t) and
Puin(rij,t) in eqgn. (8a), determine the molecular intensi-
ty function, I (s,t) at time, t. The former describes
the evolution of the spatial distribution in the system
under investigation. The vibrational p.d.f. describes the
evolution of structure in the ensemble of laser-excited
species. In what follows, we concentrate on internucle-
ar dynamics that evolves on a time-scale much shorter
than the orientation effects, such as the rotational recur-
rence [10]. Therefore, only the time-independent spa-
tial p.d.f, Pg(aij,Pi), will be considered in the current
analysis. For the particular case of a molecular en-
semble at thermal equilibrium, egn. (8b) can be written
in the form first derived by Debye [34]:

Imoi(S) oc ReXXij=1 n i f (SIN(ST3)/STijvib-rot =
= ZZ#FLN If. | |fJ |COS[T|i(S)-

-ni(s)Isin(sry)/sry] dF(ry), 9)
where F1(r;j) is the probability distribution function at
the vibrational temperature T, and dF+(r;) = P(r;)dr;;.

As in the time-independent case, the method
of averaging in egns. (8a, b) may be defined freely, so
long as certain conditions of convergence and normal-
ization are fulfilled. The modified molecular intensity
function sM(s,t) can be calculated as:

SM(Sv t) = 5|m0|(S, t)/lat(s)i (10)
where l(s) is the atomic background [31], considered
here to be time-independent.

We now consider more generally the intensi-
ties of electrons scattered by a molecular ensemble
after excitation by a short laser pulse. Let us assume
that the laser field produces a wave packet of highly
vibrationally excited states that propagates on the po-
tential energy surface of the excited electronic state of
the molecule. The time-dependent function ‘¥'(r,t) of
the wave packet can be expanded in terms of the or-
thonormal basis functions @n(r) in the following way
(see, for example, [35]):

Y(rt) = Zp=0..Cnon(r) exp(-2mi Eyt/h),  (11)
where n is the quantum number identifying the state
with energy E,, C, is the amplitude, and the ¢,(r) are a
complete set of arbitrary analytic functions.

The modified molecular intensity for random-
ly oriented species can then be represented by [36]:

sM(s,t) = g(s) J¥*(r,t)®(r,t) [sin(sr)/r] dr =
= 0(S) ZZn m=0, Cn*C, exp(-2mi AEmnt/h) x
Jom*(N)on(r) [sin(sr)/r] dr, (12)
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where AE., = En-E,, and g(s) is the reduced atomic
scattering factors [31].

Therefore, the radial distribution function ob-
tained from a time resolved electron diffraction
(TRED) experiment, i.e., the Fourier transform F(r,t)
of the modified molecular intensity sM(s,t), also de-
pends explicitly on both the internuclear distances
and the time. Thus, it contains direct information on
the time-evolution of the molecular structure through:

F(r,t) = (2/m)” IsM(s,t) exp(isr) ds (13)

Applying the general form of the molecular
intensities, eqgn. (8b), to the one-dimensional case, it
is possible to write:

sM(s,t) = g(s) JP(r,t) [sin(sr)/r]dr, (14)
where P(r,t) = ¥*(r,t)¥(r,t) and, consequently:
F(r,t) o P(r,t)/r (15)

Thus, egns. (12)-(15) show that in TRED, the
modified molecular intensities of scattered electrons
depend explicitly on both the time-evolution of inter-
nuclear distances and the energy distribution. Aver-
aging the molecular intensity function sM(s,t) over an
electron pulse profile function Iy(t; ty) yields the
TRED diffraction intensities SM(s; tg), parametrically
dependent on the delay time ty between the pump la-
ser pulse and the electron probe pulse of duration t:

(SM(S; o)) = Jie lo(t'; t)SM(s, t)dt.  (16)

In this way data refinement involves minimi-
zation of the functional:

Tietm [(SIM(Siita )rexp = R (SiM( Sirta )Yetheol’s (17)
where m is the number of data points and R the index
of resolution.

The solution of the inverse diffraction prob-
lem is a characteristically ill-posed problem [37, 38]
and is described for TRED data refinement in Chap-
ters 2 and 4 of the monograph [11].

2. Modelling the dissociation dynamics of ICN

To illustrate the basic effects arising in the
scattering time-dependent intensities and their corre-
sponding Fourier transforms (the radial distribution
functions of the inter-atomic distances), we will focus
on the linear triatomic molecules (A-B-C), in which
the action of a laser pulse breaks the bond A-B. In
many cases, the potential function for such systems
can be expressed as [39]:

V(R, r) = Vo exp[- (R - yr)lpl, (18)
where R — the distance between the nucleus A and the
center of mass of the fragment B-C in the molecule
A-B-C; r = 1ry(BC) - r(BC); y = mc/(mg + m¢); ro(BC)
and r¢(BC) — internuclear distance in the ground vi-
brational state and the equilibrium internuclear dis-
tance of the fragment B-C, respectively; p — a so-
called range parameter [39, 40]. The reactions and
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APES of this kind are well known for a number of the
systems [39-41]. In the first stage of the analysis, it
has been shown the manifestation of the nuclear dy-
namics in the scattering of the ultrashort pulses of the
fast electrons by the systems that dissociate in accord-
ance with the adiabatic potential functions.

The ground state of the ICN molecule is ap-
proximated by a Morse function with the parameters:
ay = 190 pm™, R, (iodine to center-of mass distance)
=261.7 pm, D, = 26340 cm™. The dissociative state is
selected from several that are possible, and obeys
Eqn. (18), with the parameters V, = 242720 cm™, R, =
262.2 pm and p = 80 pm, as given in refs. [41, 42].

The photodissotiation of ICN has been stud-
ied extensively both by experimental and theoretical
methods, including femtosecond transient state spec-
troscopy (please, see ref. [43] and references therein).

The dissociation of ICN (210 < A< 350 nm)
proceeds via two channels [43, 44]:

ICN — I(*P3) + CN(X%2Y (19)

ICN — I(*Py) + CN(XZ2Y, (20)
producing the CN radicals predominantly in the
ground electronic state X°%*, and the iodine atoms in
the 2Py, and 2Py, states. The vibrational distribution
of the CN fragment of the ICN molecule was meas-
ured [45] and at 266 nm it was found that vibrational
population ratios, n(v = 1)/n(v = 0) = 0.012; n(v =
2)In(v=0)=6-10" n(v=3)/n(v=0)=1-10".

In the 266 nm photolysis, the experiment [45]
determined rotational distribution of the radicals can
be presented as a sum of three B, main distributions
centered at the rotational temperatures T, = 37(3)K,
T, = 489(12)K and T; = 6134(250)K, with approxi-
mately equal in grated fractional populations.

Rotational excitation of the CN fragments re-
quires an additional term in the potential function,
Eqn. (18), and can be approximated in diffraction in-
tensities by including the centrifugal distortion or of
the r(CN) internuclear distance in a relatively long
time range. However, considering time scale of the
dissociation, the evolution of the angular momentum
can be neglected.

In a series of studies (please, see, e.g., ref.
[43] and references cited therein) it was shown that, at
the wavelength of 306 nm, the dissociation channel
leading to the iodine excited state 1(*Pyy,) is effective-
ly closed. Thus, based on the experimental studies
described in ref. [43], in our model calculations the
dissociation of the ICN was assumed to proceed via a
stretching reaction coordinate, and the parameters of
ref. [43] for the dissociative potential leading to
I(*P3,) were used (please, see Egn. 19). The molecu-
lar electron diffraction intensities, sSM(s), for the mol-
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ecule in their ground state were calculated with the
parameters of refs. [32] and [42] using standard com-
putational procedures [31].

One approach that can be used to describe the
dynamics of the excited molecules is an approxima-
tion of the wave packet [46]. The wave packet carries
the information on the relative positions and nuclear
momenta, as well as their components at different
APES, corresponding to different electron states [46].
For the wave function with minimal uncertainty
Gaussian function can be used as the basis for the cre-
ation of the wave functions of the system, as it was
proposed in the work [47-49]; please, see also [46]).
Considering the classical trajectory in the phase space,
where the Hamiltonian in the vicinity of the moving
point {p(t); R(t)} can be expressed in terms of the de-
grees of (p - (p(t))) and (R - (R(t))) up to the second
order, the wave function is defined as follows [47]:

w(rt) = exp{2mi/)[a)(R-R()* +

+ (PN(R-(R(1))) + v(D)13, (21)

where a(t) gives the spreading of the wave packet, y(t) —
its complex phase, and (...) — is the expected value.
Using the time-dependent Schrodinger equation, we
can obtain the differential equations for the position
and the momentum:
AR(t))/ot = {p(t))/m and &p(t))/ot = -(0V(R)/OR),(22)
where V(R) — the potential in the Born-Oppenheimer
approximation. The equations (22) describe the trajec-
tory of the wave packet. For large temporal delays
after the excitation of the studied molecules and the
use of longer probing electron pulses it should be
considered the increase of the width (the spreading) of
the wave packet, which manifests in the diffraction
pattern. In this case, the probability density of the in-
teratomic distances in the ensemble of the dissociated
molecules can be represented as follows:

P(R, t) = [2n* ()] Y2exp{-[R - R()]¥/26% (1)}, (23)
where o(t = 0) — the dispersion of the wave packet at
the initial time of the laser excitation, and R(t) — the
classical trajectory of the center of gravity of the
wave packet. Consequently, the dispersion of the
propagating wave packet can be expressed as a linear
function of time during its free motion:

o(t) = o(0)[1 + h¥/167°m?c*(0)]*2. (24)

If the pulse laser pump has a form of 6-
function at t = 0, the temporal dependence of the mo-
lecular intensity will be:

sM(s, t) = Zi0;() [(sin (SR)/R)P(R, t)dR,  (25)
where  P(R,t) = Nexp(-Vo{R(t)} — Ro)/pE), (26)
N = [exp(-VofR(t) — Ro}/pE)dR(t)  (27)

When the form of the probing electron pulse

is approximated by the Gaussian function with the
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central point t = t, and corresponding duration of z,
the averaged molecular intensities can be written as:

(SM(s.to)) = 2t ) .Lm(exp[-(t-to)z/zﬁ sM(st) dt (28)
Using the above theory, it were calculated the
time-dependent intensities of the molecular scattering
and the corresponding radial distributions of the inter-
nuclear distances during the processes of the photo-
dissociation of ICN, Figs. 3 and 4 (please, see ref.
[50] for comparison of the results).

45 fs
30 fs

15 fs

.

5 10 s At 15 20
Fig. 3. Molecular intensity functions sM(s,t) calculated for the
dissociation dynamics of the ICN randomly oriented molecules as
a function of probe time in TRED using 300 fs electron pulses.
Diffraction intensities were calculated for the photodissociation at ICN
excitation from the ground state to the dissociative state (Egn. 19)
Puc. 3. IHTeHCHMBHOCTH MOJIEKYJISIpHOTO paccestuust SM(S,t), pac-
CUHUTAHHBIC IJIs }:[I/IHaMI/I‘-IeCKOf/'I auccouuanuu nmporu3BOJILHO OpU-
eHTupoBaHHBIX MoJeKyn ICN kak GyHKIUHE OT BpeMeHHU peru-
crparmu TRED ¢ ucnonb3oBarnem 300 e 37€KTpOHHBIX HM-
TYJICOB. III/I(i)paKHI/IOHHLIE WHTCHCUBHOCTHU PAaCCUUTBIBAIUCH TS
¢doromucconnanuu npu Bo30yxaeHnn Mosekysl ICN u3 ocHOB-

HOT'O COCTOSIHUS B tuccoruaTuBHoe (19)

o A

il

-
b
o1 -

0
Fig. 4. Radial distribution curves F(r,t) calculated for the dissocia-
tion dynamics of the ICN randomly oriented molecules as a func-
tion of probe time in TRED using 300 fs electron pulses. Diffrac-
tion intensities were calculated for the photodissociation at ICN
excitation from the ground state to the dissociative state (Eqn. 19)
Puc. 4. ®yukimu paauansHoro pactpenenenus F(r, t), paccuu-
TaHHBIE JJ11 JUHAMUKU JUCCOIHMALIMN ITPOU3BOJILHO OPUEHTHPO-
BaHHBIX MoJieKyJ ICN kak GpyHKIUH OT BpEeMEHH PErUCTpaLiiu
TRED c ucnonszoBaauem 300 e 37€KTPOHHBIX HMITYITBCOB.
I[I/I(bpaKIII/IOHHI)Ie HWHTCHCHUBHOCTH PACCHYUTBIBAIIUCH IS (1)OTOZ[I/IC-
conunanuu rpu Bo30yxaeHnn Mosekyisl ICN u3 ocHoBHOTO co-
CTOSTHUS B AuccorratiuBHOE (19)
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When it is used the model of the Gaussian
wave packets (egn. (21), we can obtain the results
shown in Figs. 3 and 4. From Fig. 3 it is clear that the
radial distribution curves obtained with a relatively
long probe pulses are significantly different from
those presented in ref. [50]. However, some details of
the dynamics of the wave packets still it is possible to
define at a time interval, which is much shorter than
the probe duration. Figs. 3 and 4 also shows that the
distribution of the time-dependent wave packet can be
observed using the TRED technique, if the probing
electron pulse is 300 fs and can be achieved with our
new TRED equipment [51].

The studies carried out in the work [50] show,
that the time-dependent intensity of the electron dif-
fraction observed for dissociative states, is strongly
dependent on the shape of APES. The investigations
also demonstrate that the diffraction intensities in
TRED can be easily calculated for the dissociative
processes, if we know the function of the potential
energy. Thus, in principle it is possible to solve the
inverse problem, i.e. the determination of the parame-
ters PES using the TRED technique.

The method of reference frames and synchro-
nization of structures

TRED method utilizes synchronized sequenc-
es of ultrafast pulses — laser pulse is utilized to initiate
the reaction and electron pulses to probe the subse-
quent changes in the molecular structure of the sam-
ple. The time-dependent diffraction patterns are rec-
orded using CCD-camera in the new femtosecond
TRED apparatus [51]. The pulse sequence is repeated
in such a way that electron pulses appear before or
after the laser pulse, and in fact the images of the
evolving molecular structure is performed in a con-
tinues recording mode.

One of the significant features of electron dif-
fraction is that electron scattering occurs from all at-
oms and the atom-atom pairs in the molecular sample.
Therefore, unlike spectroscopic techniques where a
probe laser pulse is tuned to specific transitions, prob-
ing electron pulse is sensitive to all particles encoun-
tered along the way. Therefore, electron diffraction
can detect structures, which are not immediately de-
tected by spectroscopy. However, determination of
the molecular structure in TRED represents a formi-
dable challenge. Diffraction patterns represent a su-
perposition of incoherent scattering from atoms as
well as coherent molecular interference from all at-
om-atom pairs. Because of the lack of long-range or-
der in gases that increase the interference of coherent
interference, incoherent nuclear scattering is an order
of magnitude higher that the coherent one. In addition,
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due to the small fraction of molecules that undergo
structural changes (typically — ~ 10% or less), a major
contribution to electron diffraction pattern is made by
molecules that did not undergo photoexcitation.

A key success in obtaining information about
structural dynamics of a small set of molecules that
undergo structural changes when the signal is much
less, than the background was the application of the
method of reference frames [52]. The method consists
of synchronization of electron pulses in such a way
that a baseline reference signal is established in situ.
That is usually obtained at "negative time" (before the
pump (laser)) in the ground state, or one of the evolv-
ing structures at positive times. At a different refer-
ence times (t.) it is possible to choose selected
changes. Numerical methods allow for determination
of the difference between each of the diffraction pat-
terns with a time resolution and a separate reference
signal. The technique is demonstrated in a number of
examples (see, e.g. review article [52]).

The method of reference frames has several
major advantages. First, the strong (unwanted) back-
ground signal from the atomic scattering is a common
contribution to all diffraction patterns — regardless of
the time delay and the nature of the reaction — and,
therefore, can be virtually eliminated by calculating
the difference between diffraction patterns for several
time delays. Thus, despite the fact that in general, the
background is dominated in the diffraction pattern, in
the curve of the intensity of the reference frame mo-
lecular scattering is dominating. Secondly, any intrin-
sic error of the detection system will be effectively
eliminated or significantly reduced by calculating the
difference. Finally, each sample with selected refer-
ence frame represents the relative contribution of each
reactant and the transition structures, while in the
original raw data, only relatively small fraction of the
signal originates from transient structures, while most
of the signals are caused by unreacted components.
Hence, the importance of the contribution of transi-
tional structures increases significantly in samples
with selected reference frames.

Difference method for time-dependent dif-
fraction data analysis. The recorded diffraction pat-
terns are dependent on the time delay between the
pump (laser) and the probe (electron) pulses, AI(S; tyf,
t), are difference curves related to the structural
changes of the transition state:

AI(S; trer, ©) = I(S; trer) - 1(S; ). (29)

Accordingly, for the molecular intensity func-
tions we get (Fig. 5):

ASM(S; ter, 1) =SM (S; trer) - SM(s; 1), (30)

AsM(s; [

40

t, fs

s, At

Fig. 5. Difference molecular intensity functions ASM(S; ter, t)
calculated for the dissociation dynamics of the ICN randomly
oriented molecules as a function of probe time in TRED using
300 fs electron pulses. Diffraction intensities were calculated for
the photodissociation the at ICN excitation from the ground state
to the dissociative state (Eqn. 19)

Puc. 5. PazHOCTHBIE KpUBBIE HHTEHCUBHOCTH MOJIEKYJISIPHOTO
paccesiaust ASM(S; tyef, 1), paccunTanHble U TUHAMUAKH JHCCOLIH-
aIlMu POU3BOJIBHO OpUEHTHPOBAaHHBIX MOeKyn ICN, kak
¢yHKIU 0T BpeMenHu peructpannu B TRED npu ncnons3oBannu
3JIEKTPOHHBIX UMITYJIECOB AMUTENbHOCTHIO B 300 dc. HTeHCHB-
HOCTH pacCEesIHUs OBLIN paccurTaHbl It (1)OTO,I[I/ICCOIH/IaI_[I/II/I7
korga ICN Bo30ykmaeTcss 3 OCHOBHOTO B JIMCCOIUATUBHOE CO-
crosHue (19)

Accordingly, for difference radial distribution
curves AF(r; tref, t) in the space of interatomic dis-
tances r obtained by Fourier transform of the differ-
ence curves AsM(s; tref, t), Fig. 6.

yy

AF(r; tref, t) f

r, At

Fig. 6. Difference radial distribution curves AF(r; t., t) calculated
for the dissociation dynamics of the ICN randomly oriented mole-
cules as a function of probe time in TRED using 300 fs electron
pulses. Diffraction intensities were calculated for the photodisso-
ciation at ICN excitation from the ground state to the dissociative
state (Eqn. 19)

Puc. 6. Pa3sHOCTHBIE KPUBBIE PaAHAIBLHOTO pacnpeaeneHus AF(r;
tier, 1) paccunTaHHbIe UIS JUHAMUKH JUCCOIMALIMN TIPOU3BOJILHO
opueHTHpoBaHHBIX Mostekyn |CN, kak GpyHKIHS OT BpeMeHH
peructpanuu B TRED npu ncrmonb30BaHAH 31€KTPOHHBIX HM-
MTyJIbCOB JUTUTENHHOCTHIO B 300 hC. IHTEeHCHBHOCTH paccestHus
ObUTH paccunTaHbl i potoaucconuanuu, koraa ICN Bo30yxma-
eTcs U3 OCHOBHOTI'O B JMCCOLMAaTUBHOE cocTosHue (19)
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The calculation of the theoretical equivalent
of time-dependent scattering intensity with the non-
equilibrium distribution in this system should be per-
formed using a cumulant representation of the scatter-
ing intensity (please, see e.g. monograph [11], part 1
and 4]) and, for example, the stochastic approach to
the analysis of the diffraction data, which has shown
to be effective in TRED analysis of photodissociation
of CS, [53]. The difference method of TRED data
analysis method has demonstrated its high efficiency
(please, see, e.g. review article [52]).

CONCLUSIONS

Based on model calculations presented in this
article we conclude that, by TRED method, time-
dependent coherent dissociation dynamics can in
principle be resolved at a realistic time scale that sig-
nificantly shorter than the electron pulse duration of
300 fs, which is achieved at present in a humber of
TRED experiments.

The study also shows that TRED intensities
can be readily calculated for dissociative processes,
provided the APES is known. Because of this correla-
tion, if the TRED intensities are expressed directly in
terms of the APES, solution of the inverse problem
seems feasible, which provide information on coher-
ent structural dynamics of the transient state of the
chemical reaction from TRED data.
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