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Abstract

quantitatively for acetylene (“C,H,), X 2* with up to 8,600 cm™ of vibrational

energy. This comparison is based on the extensive and reliable knowledge of the
vibration-rotation energy levels and on the model Hamiltonian used to fit them to
high precision (B. Amyay, S. Robert, M. Herman, A. Fayt, B. Raghavendra, A.
Moudens, J. Thiévin, B. Rowe, and R. Georges, J. Chem. Phys. 131 (2009) 114301-
spectra and predicted survival probabilities in intramolecular vibrational
redistribution (IVR) are first investigated for the v,+v, and v, bright states, for J = 2,

30 and 100. The dependence of the results on the rotational quantum number and .

on the choice of vibrational bright state reflects the interplay of three kinds of off-

quantities used to characterize the calculated time-dependent dynamics are the

rotational distributions at T = 27, 270 and 500 K were calculated from the available

spectroscopic data. For the 7v, bright state, an apparent irreversible decay of is

found, In all cases, the model Hamiltonian allows a detailed calculation of the

energy flow among all of the coupled zeroth-order vibration-rotation states.
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L Introduction

In molecular spectroscopy, when the density of vibrational states is large, a
given vibrational bright state that carries oscillator strength from the vibrational
ground state may interact with many dark vibrational states. Each dark state then
borrows some oscillator strength from the bright state greatly increasing the
number of observed features in a high resolution spectrum ., The set of molecular
eigenstates that results from the interactions with a single rotational level of the
(SEP) and infrared techniques have been applied to obtain eigenstate-resolved

spectra of a wide variety of molecules and many insights into the nature of

intramolecular vibrational couplings have been obtained .,

With the assumption that only one of the zeroth-order vibrational basis
states is responsible for all of the observed intensity in a given , the
spectra contain enough information to calculate the time dependence following a
hypothetical coherent excitation of the whole clump by a short light pulse >, The
initially prepared non-stationary state is the bright state, which subsequently
dephases and the vibrational amplitude moves into other zeroth-order basis states.
This dynamical process, termed intramolecular vibrational redistribution (IVR),
may be characterized by plotting the calculated survival probability of the bright
state as a function of time. The time constant for the initial decay of the bright

state is 7, and in some cases, the probability of the initial bright state may

3
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The analysis of high resolution vibration-rotation spectra demonstrated the

clustering of vibrational states in some molecules, to form polyads or clusters, each

the ratios of a molecule’s vibrational frequencies are approximately the ratios of

-
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number of triatomic species such as CO,, H,0, N,0 and OCS:", They are also very

well characterized in a larger species such as ethyne (acetylene, C,H,) ", The
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analysis of conventional and SEP spectra show that there are well-defined polyads

at least up to 8,600 cm™' in “C,H, and most probably up to higher energies **, The

AY_ T

increasing density of vibrational sub-states with excitation, from less than 1 (/em™)

at low energies to dozens around 1 um and 100’s in the visible range ,, generates an

interesting set of case studies, with increasing complexity. At intermediate
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energies, the region up to the threshold for isomerization to vinylidene has yielded a

wealth of spectroscopic and dynamical insights. Low-resolution dispersed

fluorescence spectra from the A 'A state, reaching low-J, low-% states in the 10,000

to 15,000 cm™' range, have allowed extensive analysis of the various vibrational ‘

26,27,28,29,30

resonances As the total energy increases, these resonances result in new

kinds of vibrational motion. *"**"*
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of the connection between polyad spectra and dynamics, """
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time required to populate all of the accessible K-levels may be very much longer |

than the decay time 1, of the bright state *.

Recently, a detailed global model has been reported which simultaneously
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treats both the vibrational and rotational structure in “*C,H,, up to 8,600 cm' 5.
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The reliability and global nature of this spectroscopic Hamiltonian may shed some

new light on the vibrational and also rotational aspects of IVR. |

The aim in this work is to explore quantitatively the relationship between the

energy-resolved spectra and the time-resolved dynamics of acetylene (“C,H,), X 12;

levels in this species up to 8,600 cm’, Specifically, we will examine how the

7777777777777777777777777777777777777 N

collisionless time-dependent dynamics are affected by (i) the choice of the bright

vibrational state, (ii) the extent of rotational excitation, and (iii) the excitation of a

thermal ensemble of rotational levels.

Section II of this paper reviews the means by which time-dependent
dynamics are deduced from frequency-resolved spectroscopic data. After recalling
significant features of the global model in section III, the role of basic

intramolecular couplings is illustrated_in a series of pedagogical case studies in

section IV, both in energy and time domains. Then in section V, the dynamical
behavior of thermal distributions of J-levels is examined for two case studies, before

concluding in section VI.

II. Spectroscopy and Dynamics
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with o’ + b* = 1. Thus the intensities I' and I" tell how much of the zeroth-order
bright state is contained in each of the eigenstate wavefunctions, as represented in

Figure 1 by the red fractions in ¢/ and /.

This scheme is also used in time-resolved spectroscopy when coherently exciting

with time of the total, non stationary wavefunction, “*** "

‘P(t)= ap’ exp (—iElt/h )+ by exp (—iE”t/h). 4

The time-dependent probability of finding the system in the bright and dark zeroth-

order states is oscillatory

2

P, (t)= lef’qj(’t»

P,(t)= ’@’D |‘lf(t)>‘Z = 2a°b (1 —cos (58t/h))

=1-2a’b* (l—cos(éet/h)) 5)

This approach can be extended to a more complicated set of interactions

¢ . In this case, the basis functions y° can be expressed as a

j

involving n basis states *

linear combination of the n eigenstates " :

vl =2t (6)
k=1

If we assume that only one of the basis states, say j = 1, carries oscillator strength
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I et <)

and the time-dependent wavefunction following a coherent excitation is

n

()= Y e ewp(HE"L/ 1), ®

At t = 0, the bright state is prepared, ¥ (0)=y;, but thereafter the time-dependent

probability of the various basis states may be calculated as

P @)=[fw: v @) - ©)

dependence is in general more complicated than the simple oscillatory pattern given
in Eq. (5) and involves movement of vibrational amplitude among the various

coupled rotation-vibration states, that is, IVR.

__There are a number of physical phenomena that are not included in the present

treatment. In particular, we include no effects, such as collisions or infrared

radiative lifetimes, that would impart a finite lifetime and a homogeneous line

width to individual eigenstates. Hyperfine structure is not considered here. Below,

we do include a thermal distribution of rotational levels as an approximate

treatment of the inhomogeneous rotational structure, but do not consider Doppler

broadening. The neglected effects would cause P.(¢) to decay to zero or at least

damp out its fluctuations. As calculated from the above equations, P.(¢) will

continue indefinitely to fluctuate around a finite average value.

10
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Three different measures are used in this paper to characterize the time-

[N
the way the bright state character is distributed among each of the eigenstates, §

\
\
!

¢d =Zcﬁc \:
k:l ) , (10)
=Zlk2/(zlkj
k=1 k=1

and is consequently related to the spectral intensities through Eq. (7). The effective

number of coupled states is 1/¢,. For an unperturbed state, ¢, =1, and if all n

/

eigenstates appeared in the spectrum with equal intensity, we would have ¢, =1/n. /

S
Y

The dilution factor can be obtained from the time-dependent dynamics as the time- // //// {Formaued; Font: Italic

0
7

averaged probability of the bright state, P (£). where the average extends out to long j/,,,// //

times, , /

1 ,
g, =tim [P (Y. an |
_The second measure, IVR lifetime . 7,,. is usually defined as the time required , -

for the bright state probability P,(¢) to decay from its initial value, P (0) = 1, to 1/e.
Since in general the form of P(¢) is non-exponential, the 1/e value is simply a

convenient reference point to take as a measure of the rate of IVR. In the present /

work, where we are dealing with the very sparse limit, we define 7,,, as the time forl

= g _ay
A

\
\
\
\
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P (t) to decay to ¢, +(I/e)1-¢,) "

reduces to the usual definition of 7.
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The spectrum of eigenstates resulting from the excitation of a single ground

- [ Deleted:

state rotational level is referred to as a “feature state” or “clump” and represents a .-

kind of homogeneous broadening. Thus, the ensuing dynamics are also called

“homogeneous”. This will be contrasted below with an inhomogeneously broadened

spectrum resulting from of the excitation of a thermal distribution of rotational

levels and the ensuing inhomogeneous dynamics.

v _ o __________________________¥Y L\ L _________________ s

II1I. A global spectroscopic Hamiltonian
The conventional normal mode numbering for acetylene is used throughout
this paper. Modes 1 to 5 correspond to the symmetric CH o} (vl) and CC o, (vz)
stretches, the antisymmetric CH stretch o, (v), and the trans-z, (v) and cis-7z,

(vs) doubly degenerate bends, respectively. The bends are characterized by the

usual vibrational angular momentum quantum numbers, /, and [, with & =1, + [..

In this paper, state refers to a vibrational state characterized by the (vv,v,v,v,) set
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of quantum numbers. Sub-state indicates a [/ -component of a state notated as either

v and u/g. Level refers

AY_ _ _ _ _ _ T ___

The symmetry labels include ¢/f

I, s
VWV Vs, Ll or vy vy, vg

to a specific J-value of a state or sub-state.

Over the last years, a global vibration-rotation model of acetylene (“C,H,) in
the ground electronic state has emerged from a series of investigations taking into
account the complete set of experimental data published in the literature, now up to

8,600 cm™' “, This model is based on the block diagonalization of the vibration-

rotation Hamiltonian into polyads

A

54,55,56
N, = v+v,+v

damm Yy e e e e S

Symmetrization factors the Hamiltonian into e and f blocks”.

Rotational /-type resonance terms connect sub-states with either even (e) or odd (o) \

values of k. Polyads thus include sub-states with either even or odd % values. That
is X (k=0), A (k=2), " (k=4), etc. are in a separate polyad from IT(k=1), ® (k=3). etc.

Vibrational [-type resonance terms are also included. The resulting vibration-

rotation matrices are diagonal in J. A complete polyad label is {N,N .k, .e/fu/g,J}.

The sub-states within a polyad are connected by a restricted set of
anharmonic resonances, namely 11/33, 14/35, 15/34, 1/244, 1/255, 3/245 and 44/55,

“", _The reader is referred to Table I in

Awmy_  wo o T¥ CETES OE e T o o o

all determined from the spectral analysis
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The Coriolis interaction, of the 2/444 type in particular, was recently

This global model was applied to all 15,562 published vibration-rotation lines
in “C,H, up to 8,600 cm™'. The data base includes rotational levels up to J = 68 for

some sub-states as well as data from highly excited trans-bend states, from Field

and coworkers *, All lines could be reproduced within their stated measurement

B '|/ Formatted: Superscript

\/ Deleted:

_{ Deleted: different

. { Deleted: parities

* - { Deleted: mixed

\ Deleted: now

[ Deleted: and

B | Formatted: Superscript

\: Deleted: *

( Deleted: Except for a limited

number (8%) of local ized errors

in the fitproblems,

of them (8%) _These problems are all local and attributed either to measurement \\\‘ Deleted: a

problems, due to line overlap or lower line intensity, or to Coriolis perturbation

that cannot be fixed without a dedicated reanalysis of the literature spectra. We -

are confident that such small errors do not affect the trends emerging from this .-

work. In all, 331 vibration-rotation parameters were determined from the fit.

The present investigation is meant to highlight the basic processes.
Therefore, the case studies to be presented here were selected to be well within the

energy range (< 8,600 cm™') of the data fit by the global model.
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IV. Basic intramolecular couplings

The definition of the zeroth-order states is a critical issue. We include in this

LHye lncluac 11l vills - -

concept the states whose energy results from all of the diagonal matrix elements in

the global model, in the symmetrised e/f basis set as defined by Fayt and coworkers

57

those states that have the diagonal energies of the global model as their

eigenvalues. In a multidimensional problem, even as small as for acetylene, it is a

challenge to write out an explicit form for such “implicit” basis functions. Indeed

this challenge constitutes one of the conceptual limitations of effective

Hamiltonians derived from fitting spectroscopic data.

The implicit set_of zeroth-order basis states jncorporates all of the major - :

»
n

A diagonal vibrational “* and

terms defining the vibration-rotation energies in linear molecules, including the role

% and rotational l-type resonances, shaping the regularly

of diagonal vibrational

evolving vibrational and rotational energy spacings with increasing v, and J

excitation. This set allows convenient implementation of the major transition

selection rules, including identification of bright state. The remaining terms in the
Hamiltonian are off-diagonal and arise from anharmonic interaction, Coriolis
coupling and rotational /-type resonance. Their introduction into the Hamiltonian

matrix provides coupling between the basis states and hence defines eigenstates.

dependent dynamics is investigated in the present section. Only the role of the
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dominant term in each coupling case is discussed in the text, put all terms are

included in the calculations. |

As pointed out before, zeroth-order sub-states are labeled (vy,vy,yv,,LL).

Eigenstates are labeled using Roman numerals, numbered from lowest energy to

highest.

<

v L —

A. Rotational I-type resonance

The rotational /-type resonance connects sub-states related by Ak = £2, with

matrix elements scaling as J(J+1) =" The resultant mixing of the basis states is

illustrated in Figure 2 for the {0,2,k e,u} polyad. This polyad contains two zeroth-

order sub-states, (00011,1-1), ¥ and (00011,11), A,.. The first of these is the only
(GS), thus leading to the (00011,1-1), £« GS transition. It is therefore the bright

sub-state for IR absorption from the GS.

The rotational [-type resonance introduces |Akl = 2 interaction terms

connecting the zeroth-order states,

H

(00011,%,|H,

00011,4):%(% vg NI +D[r+1)-2]]" (12)

were calculated from the global model. The reduced energies presented in Figure
16
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2a were obtained by subtraction of the rotational energy contribution determined

using a selected set of B and D parameters, identical for both sub-states.

The separation between the two sets of eigenenergies is determined by the
parameters (in cm™') q,= -5.231 10~ and q, = -4.698 10 * and is J(J+1)-dependent
Figure 2a, and identified on the left using the (vppupuv,lleu) label. The oJ-
dependence of the rotational [-type resonance is obvious. The bright sub-state
corresponds to the solid line, in red, The same presentation will occur in all similar

graphs.

The amount of the bright zeroth-order sub-state in eigenstates I and II was
calculated from the eigenvectors in the matrix diagonalisation process. It is
quantified in Figure 2b. The zeroth-order bright character is dominant in I (100%)
at J = 0 and regularly decreases to about 53% at J = 100, with II following a similar

but opposite trend.

The mixing between the two zeroth-order wavefunctions by the rotational -
type resonance perturbation results in more consequences, which are illustrated in

the intensity and time domains:

i) Spectral intensities: Figure 2c¢ presents the relative intensity of the R-

branches of the I «— GS and II « GS IR absorption bands. For clarity, the 3:1

intensity alternation due to ortho and para acetylene ;" has been cancelled by

17
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multiplying the lower intensity lines by a factor 3. They were simulated for
temperature conditions high enough (500 K) for high J/-levels to be populated in the
GS. As a consequence of the rotational /-type resonance, intensity borrowing occurs
transferring some of the intensity of the I «— GS band to the II «— GS band. The
intensity transfer is greater at high J-values, as expected from the increasing

intensity transfer remains modest.

ii) Survival probability: Figure 2d presents the survival probabilities in the

zeroth-order bright sub-state calculated for three selected values of J (2, 30 and
100). The same color and marker style convention is used in Figures 2a and 2d for
the zeroth-order sub-states. In this 2-state case, the time-dependences follow Eq.
(5). At J = 2, the wave packet remains in the bright zeroth-order sub-state. As J
increases, oscillation occurs, with the other zeroth-order sub-state participating.

The frequency and amplitude of the oscillation increase with J, again as expected

oscillation, t = //Jc defined in Eq. (5) thus decreases as the energy difference (5¢) -~

increases. The dilution factor (¢,) evolves from the limit of weak interaction (¢, = 1)
at J = 2 to approach the limit of strong interaction between the two basis states (¢,

= 0.5) at J = 100.
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B. Anharmonic resonances

The next case study is the {1,5,k,e,u} polyad, which contains three zeroth-

order sub-states, (00100,00), = , (01011,1-1), £ and (01011,11), A,. The same

rotational [-type resonance perturbation as just discussed is again active. In
addition to rotational [-type resonance, the anharmonic 3/245 coupling ,”, connects

the two-zeroth-order sub-states of ¥, symmetry, (00100,00) and (01011,1-1). The

interaction matrix elements are

(v sy vl [ o v, = Lvy + L0, =D 0 =D ) = Y K [, 0y + D00, FLO0s 21T

le 777777777777 - , 7/ ’

with 1K,,,.| =18.3 cm™

This additional coupling is strong, with J-independent matrix elements;
however, the mixing is slightly J-dependent. In a second-order perturbation
scheme, the mixing coefficients are related to the energy difference between the two
interacting levels (Fig. 1), which varies for each pair of J-levels according to the
vibrational dependence of the rotational constants. A reduced energy graph is
presented in Figure 3a. The zeroth-order sub-states are also presented and
identified on Figure 3a. At very low J-values, (000100,00) X is slightly higher in

energy than (01011,1-1), = _.

In order to allow for a direct comparison with the above case study, we

consider first the fate of the (01011,1-1), ¥  zeroth-order sub-state, which is taken
19
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for the moment as the bright state, and therefore plotted as a solid red in

be very similar to the one exemplified in Figure 2 for the (00011,1-1), X zeroth-
order sub-state since they both involve the v,+v, vibrational combination. The
interplay is however now more complex thanks to the anharmonic resonance
bringing in the third sub-state. Compared to situation in Figure 2a, the
anharmonic coupling now leads to a significant repulsion between the two zeroth-
order sub-states close to 3290 cm™', while the rotational I-type resonance acts more
strongly at higher J-values. The situation is further detailed in Figure 3b, which
quantifies the amount of the zeroth-order sub-state in eigenstates I to III. The
fraction of the zeroth-order bright state is nearly identical in I and II for the lowest
J-values, then increases slightly for IT up to J = 45, where it falls below I again. As
J increases further, the zeroth-order bright wavefunction is shared mainly between
I and III. This behavior looks thus different from the previous case study because
at low J-values the anharmonic resonance dominates. At high J-values, it is more
similar to the previous case because the J-dependent rotational /-type resonance

becomes the dominant interaction.

In this 3-level system, the time-dependence determined by Eqgs. (8) and (9) is
more complicated than that given in Eq. (5). The time-dependent probabilities in
Figure 3c reflect the fractionation discussed above. The probability first oscillates

between the anharmonically coupled, (01011,1-1) and (00100,00) X zeroth-order
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sub-states (J = 2, top graph), while the third (01011,11) A , zeroth-order sub-state is
more and more involved (J = 30, middle graph) and even dominates over (00100,00)
at high J-values (J = 100, bottom graph). Thus the rotational /-type resonance

takes over as J increases.

The set of graphs is repeated in Figure 4, but now selecting the bright sub-
state for IR absorption from the GS, i.e. (00100,00), X . This sub-state involves only

one vibrational quantum excitation, as compared to three for (01011,1-1), X, .

Furthermore, it corresponds to a CH stretch, which is expected to result in a strong .

absorption band. Figure 4a is thus identical to Figure 3a, but for the selection of
the zeroth-order bright sub-state. The related line color and marker style were
adapted accordingly. Figure 4b presents the fraction of this new zeroth-order bright
sub-state in the eigenstates. Figure 4c shows the resulting intensity borrowing,
using the same convention for the ortho:para relative line intensities, as in Figure
2c. It occurs as in the previous case study (Fig. 2c), but is now distributed over
three bands in agreement with the mixing scheme. In other words the zeroth-order
bright character is equally shared by the I < GS and II < GS bands at low </, then I
« GS gains intensity up to J = 55, after which II <« GS dominates. The band IIT «
GS is weaker but receives about 2% of bright character for 35 < J < 45. The
population factor, in Figure 4c, makes this band appear stronger between J = 20

and 30, at 500 K.
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The survival probability for the infrared-active bright state is presented in
Figure 4d for three selected J-values (2, 30 and 100). As could be expected from the
previous graphs in Figure 4, the wavepacket first oscillates between the bright sub-
state and the anharmonically coupled state, (01011,1-1), ¥ (top graph). However,

now the third zeroth-order state, (01011,11), A

eu?

is only indirectly coupled to
(00100,00), £, through the (00100,00) «—2*— (01011,1-1) «—-=~< 5 (01011,11)

scheme. It therefore comes in only slightly, for intermediate J-values
(middle graph). At high J-values (bottom graph), the reduced amplitude of the
oscillation shows that the zeroth-order (00100,00) X bright sub-state is mostly
decoupled from the anharmonic resonance. Characteristic of the anharmonic
resonance, the oscillation frequency of the zeroth-order bright sub-state does not
oscillations between the two (01011) zeroth-order sub-states. The qualitative
appearance of the survival probability at J = 100 is similar to that for J = 30 in

Figure 2d, but the interactions involved are different.

The dilution factor provides a convenient way of quantifying the extent of
mixing of the different bright states in this 3-state system. First, we note that the
extent of mixing may vary non-monotonically with /. For example, with the bright
sub-state (01011,1-1), ¥ (Fig. 3c¢), ¢, varies from 0.49 to 0.40 to 0.48 for J = 2, 30
and 100, respectively. The extent of mixing also depends on which basis state is

identified as the bright state. For the infrared-active bright state, (00100,00), %,
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(Fig. 4d), ¢, varies from 0.49 to 0.48 to 0.89 as </ increases. The large ¢, at J = 100

reflects the decoupling of this bright state at high J. The practical way to modify .-

using IR absorption or stimulated emission pumping (SEP). Thus when different

spectroscopic techniques are used to prepare states in the same energy range of the
same molecule, and even in the same polyad, one can expect to see different dilution
factors and rather different time-dependent behavior. As a practical matter in

acetylene, the g/u selection rules prevent the IR and SEP techniques from reaching

C. Coriolis resonances

As pointed out above, Coriolis resonances act as symmetry-breaking

interactions. They mix even and odd k_blocks otherwise, belonging to different

polyads. As an example, we will use the same infrared-active zeroth-order bright
sub-state (00100,00), X as in the previous example. With the Coriolis interaction
included, the polyad size is now increased to 17, from the 3 in Figures 3 and 4. A
reduced energy graph of a selected, relevant subset of these 17 sub-states is
represented in Figure 5a. Coriolis resonances are induced in the present case by

the 2/444 coupling scheme, bringing in the polyad states such as (00041),
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interacting with (01011), with their various k-components. The Coriolis matrix

elements are given by

Ao, +1,0,=3)"") = /iCyp [0, + D0, +1)0, = 1)(0, 2, =2)] F, (T B) (1)

(o0
with F, (k)= [J (J +1)-k(k=1)]".

Like the rotational [-type resonance, the Coriolis couplings depend explicitly

48

on rotation. Although the value of the C,,,, parameter at 7.8 10~ cm ™' “ is similar to

AV T T T

the size of the ¢, and g, parameters in the rotational [-type resonance, the rotational

1
dependence is, however more modest, ~ [J (J + 1)]/2 rather than ~ J (J + 1), resulting in

much smaller coupling matrix elements, ~0.5 cm™' at J = 100 as opposed to ~50
ecm™'. Therefore, the Coriolis couplings appear mainly as local avoided crossings,
affecting only few /’s. The avoided crossings can be easily identified in Figure 5a as

the locations of abrupt changes in the slope of the eigenstate reduced-energy curves.

include the Coriolis interactions giving rise to these local avoided crossings, plots of

the eigenenergies versus J would follow smooth curves without abrupt changes in

slope. _These smooth curves are evident in Fig. 5a but have an abrupt marker style

vibrational character varies only slowly with JJ, and is defined by the combined

effects of the two strong interactions, the rotational [-type resonance and the
24
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anharmonic 2/345 resonance. For example, at low o/, the eigengstates labeled V, VI

The amount of the bright zeroth-order sub-state in eigenstates I to VII was
calculated from the eigenvectors in the matrix diagonalisation process and is plotted
in Figure 5b. The scheme bears some resemblance to Figure 4b but is obviously
Figure 5b. As in Figure 5a, the abrupt changes in marker style along the smooth

curves in Figure 5b indicate the locations of the Coriolis resonances.

To examine the effects of the Coriolis resonances, we will focus on a particular
example, the avoided crossing in Figure 5a at J = 92, between eigenstates I (o) and

IT (A). The amount of the zeroth-order bright sub-state (00100,00), X', for the

different JJ/’s is quantified in Figure 5b. The resulting intensity borrowing in the
vicinity of J = 92 is illustrated in Figure 5c. Since the mixing of the two Coriolis-

coupled levels is maximum for J = 92, one can expect an impact on the survival

comparison. As already demonstrated, the strength of the Coriolis coupling is weak.

Nonetheless, the various k-components of the (00041) zeroth-order state which are
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Coriolis-coupled to (01011), do take part in the dynamical behavior at J = 92. At J =
at 8 ps and proceeds to oscillate weakly with a period of 16 ps. Although there are
numerous Coriolis resonances (Fig. 5a), and such resonances do affect the dynamics
at the localized J’s where they occur (Fig. 5d), most J’s remain more-or-less

unaffected.

V. Thermally averaged dynamics

In the previous section, we have explored the basic mechanisms perturbing
the zeroth-order vibration-rotation picture in acetylene in the lower energy region (0
- 8,600 cm ') where its rotation-vibration spectroscopy is most complete. The same
mechanisms rule the time-dependent dynamics resulting from coherent excitations.
Since all of the interactions that are significant in this energy region are known to
good precision, the rate at which energy arrives in the receiving modes as well as
the rate at which it leaves the bright state can be calculated reliably. That is, the
complete vibrational dynamics are obtainable from the experimental Hamiltonian.
The detailed rotational analysis in this region allowed us to examine the rotational
dependence of the dynamics. Since some of the important intramolecular

interactions, such as the rotational /-type resonance and Coriolis interactions,
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increase in strength with rotational angular momentum, there are significant
changes in the pattern of the dynamics with rotational excitation as has been
demonstrated above. In the present section, we shall examine the results of
exciting a thermal distribution of rotational levels. In this case, a blend of the basic
mechanisms just highlighted is involved. The temperature regulates the rotational
contribution in the dynamics. The population distributions in the GS are presented
for the three selected temperatures, 27, 270 and 500 K, in Figure 6. The behavior

is also expected to depend strongly on the polyad and on zeroth-order bright sub-

1

cm~ and therefore in the spectroscopically well characterized energy region. All of

the interaction mechanisms contained in the global Hamiltonian are included in the
calculations. For the two case studies, the GS rotational distribution is simply
projected onto the e-levels of the upper zeroth-order bright sub-state. We did not
include the detailed rotational line strengths or the particular rotational selection

rules appropriate to a given spectroscopic technique. As a result, rotational

coherences ” have been suppressed. However, we did include the appropriate

nuclear spin weights appropriate: 1:3 for even:odd oJ for sub-states in {7,e,g} and 3:1

in {7,e,u} (see Figure 27 in Herman ). This means that a coherent excitation with

,,,,,,,,,,,,,,,,, | ettt e

an infrared source, which produces u upper states from the g GS, would yield a
preponderance of even J upper state molecules. Likewise a coherent Raman or SEP

| fgiemgonlieintie st st D

excitation would yield odd /’s preferentially (if proceeding through R- or P- line

excitation). This rule applies, in both cases, for e-symmetry levels.
27
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A. Polyad {7,e,u}

The zeroth-order IR bright sub-state in the {7,e,u} polyad is (00120,00), % .
The complex set of global and local perturbations is evident from the irregular J-
dependence of the reduced energies in Figure 7a. All of the interactions are well
characterized spectroscopically ;. The contribution of the bright zeroth-order sub-
state to the selected 10 relevant eigenstates, labeled I to X, is shown in Figure 7b.
Since there are a total of 45 sub-states in the polyad, each of the parts of Figure 7

are simplified to show only the most significant quantities.

The dynamics is presented in Figure 7c. Thermal averaging obviously
smoothes out the detailed interaction pattern. Nevertheless, one can identify the
main trends of the behavior in terms of the basic intramolecular couplings
investigated in the previous section. At low temperature, since only the very first J-
levels are populated, the dynamics is dominated by the 3/245 anharmonic resonance
connecting the (00120,00) and (01031,1-1) sub-states. The probability oscillates
between these two sub-states with a period of 1.7 ps. This is the pattern expected
for a 2-state system (Eq. (5)) with little involvement from other states in the polyad.
At 270 and 500 K, higher J-levels are involved and the rotational /-type resonance
plays an increasing role. The rotational [-type resonance-coupled sub-state

(01031,3-1) reaches a maximum probability after about 3 ps, and oscillations ensue
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with a 7 ps period. This sub-state in turn resonates anharmonically with (00120,20)

and proceeds to oscillate with it on a 1.7 ps period.

At 270 and 500 K, the oscillations in Figure 7c appear to damp out at later
times. The rotational /-type resonance oscillations damp out so quickly that only
one complete oscillation is discernable in Figure 7c. The anharmonic oscillations
damp more slowly with a timescale of roughly 100 ps. At first, it may seem
surprising that there is any damping of the oscillations since Figure 7c represents

collisionless dynamics in the very sparse limit, with ¢, = 0.49, 0.43, and 0.39 for T =

27, 270, and 500 K, respectively. There is no coupling to any kind of external bath
included in the model Hamiltonian, and the oscillations resulting from the
excitation of a single J should continue indefinitely. The damping apparent in
Figure 7c results from the dephasing of the oscillations of different J-levels that
have different oscillation frequencies. Indeed, in their early ultrafast experiments,
Felker and Zewail noted the damping of oscillations by small frequency
differences among the thermally-averaged rotational levels. In the present case, the
dephasing of the rotational [-type resonance oscillations is rapid because of the
oscillations damp out much more slowly because the anharmonic interaction has
only the incidental rotational dependence that results from the slight variation of
the rotational constants with different kinds of vibrational excitation. Thus, the

apparently irreversible decay of the oscillations in Figure 7c¢ does not mean that any
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individual rotational level decays irreversibly, but it is an artifact of the

inhomogeneous rotational structure within the coherent excitation bandwidth.

Although Coriolis coupling is involved at intermediate J-values in the
complex interaction pattern shown in Figure 7a, it remains very local and therefore

does not play a significant role in the averaged dynamics.

B. Polyad {7,e,g}

There is no IR allowed transition from the GS to any state in the {7}
polyad, all of which have g-symmetry. The SEP bright sub-states are (01040,00), X,
and (01040,20), A, Richer rotationally-dependent dynamics can, however, be
expected from the (00070,10), I1,, sub-state in this polyad. This sub-state is indeed
mixed through the 44/55 anharmonic resonance to other sub-states such as (00052).
In addition, rotational /-type resonance generates strong couplings for this sub-state
spanning k-values from 1 to 7, by steps of 2. Furthermore, it is coupled to the
previously identified SEP bright sub-states thanks to 2/444 Coriolis resonance. We
have therefore selected it as our hypothetical zeroth-order bright sub-state. The
reduced energy graph is presented in Figure 8a, with only relevant zeroth-order and

presented in Figure 8b and c, respectively.
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The time-dependent dynamics in Figure 8c look quite different from the
previous case (Fig. 7c). At low temperature, the behavior is dominated by the 44/55
anharmonic resonance. It is too far off resonance to generate much redistribution,
but it does result in high-frequency (0.2 ps), small amplitude (12%) oscillations_in

the zeroth-order bright sub-state survival probability. These small oscillations

persist at the higher temperatures and out to long times. At the higher
temperatures, the J-dependent interactions get stronger and induce what appears
to be a rapid irreversible decay of the bright-state survival probability, 1, = 1.3 and

0.9 ps for 270 and 500 K, respectively. The absence of substantial recurrences

Both rotational [-type resonance, bringing in the other sub-states from (00070), and

Coriolis coupling, bringing in the (01040) sub-states play an active role in the

energy redistribution. The rotational [-type resonance within (01040) further

fractionates the redistribution.

Insight into the nature of the apparent irreversible decays in Figure 8c can be
obtained by examining the extent of mixing of the zeroth-order bright sub-state as

measured by the dilution factor. We find ¢, = 0.84, 0.51, 0.43 for the temperatures

symmetry state is comparable to but slightly less than for the u-, IR-active bright

constituent rotational levels contributing to Figure 8c will exhibit substantial
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recurrences extending out to long times (similar to Figs. 2d and 4d). The curves in
Figure 8c are the thermal average of curves with differing oscillation frequencies. In
Figure 7, the strongest mixing of the basis states is caused by the anharmonic
resonance (large fast oscillations in Fig. 7c¢), which is only indirectly /-dependent.
However in Figure 8, this interaction results in less mixing (small fast oscillations
in Fig. 8c), and the dominant mixing comes from the J-dependent rotational /-type
resonance. This gives rise to a stronger J-dependence of the constituent oscillation
frequencies in Figure 8¢, and the thermal average of such a wide range of oscillation

frequencies has the appearance of an irreversible decay.  Once again, this is

inhomogeneous dynamics resulting from the inhomogeneous rotational structure

within the coherent excitation bandwidth.

V1. Conclusion

rotational excitation on the time-dependent dynamics, which has not been

considered in detail in the previous acetylene literature. The present results derive

from the extensive and reliable knowledge of the vibration-rotation energy levels
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this system, the detailed spectroscopic Hamiltonian allows the results of a wide

variety of virtual time-dependent experiments to be calculated. This kind of

simulation enlightens key issues in time-dependent experiments. First, the identity

of the vibrational bright state is critical in determining the time-dependent

dynamics. Different bright states in the same polyad or same energy region

produce very different results, whereas similar bright states tend to produce similar

results over a range of energies. Second, in the case of overlapping polyads, virtual
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excitations can be performed on individual polyads separately, as opposed to the

superposition of polyads that one might get in a practical experimental excitation.

Finally, the effects of inhomogeneous broadening within the excited spectrum can
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be simulated, and these effects may change the qualitative form of the time-
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0 0
order states, v, and v and eigenstates, y" and y'. The red/grey color code is

selected to highlight the fraction of each zeroth-order wavefunction in the eigen

wavefunctions.

Figure 2: Illustration of the effects of the rotational I-type resonance in "“C,H,,
X 12;, selecting the {0,2,k,.e,u} polyad with the bright state taken to be the

(00011,1-1), ¥ zeroth-order sub-state:

labeled I and II according to the ordering of their energies. The zeroth-order sub-

states are colored and identified on the left using (v,v,v.v vl lew);

-(b) Squared coefficients of the bright state in the composition of the energy

parts (a) and (b) are related to the eigenstate label and internally consistent. The

zeroth-order bright sub-state is indicated as (v,v,v,0,0,,l [, e/f g/u);

-(c) Calculated relative intensities of the R-branch lines in the I — GS and IT — GS
IR absorption bands. The simulated intensities are given in terms of the upper J

quantum number (J') for a temperature of 500 K. The 3:1 intensity alternation due
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color scheme distinguishes the zeroth-order sub-states according to order of their
14 appearance in the time evolution. The color and marker styles for the zeroth-order

16 sub-states are the same in parts (a) and (d).

24 Figure 3: Illustration of the effects of the rotational /-type resonance combined with
the 3/245 anharmonic resonance in “C,H,, X 'T:, selecting the {1,5,k,e,u} polyad

29 with the bright state taken to be the (01011,1-1), ¥ zeroth-order sub-state:
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31
32 -(a) Reduced energy graph of the sub-states in the polyad as a function of J(J+1)
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-(c) Calculated time-dependent probability of the basis states for J = 2 (upper), 30
(medium) and 100 (lower). At t = 0, the bright state (red) begins at P(¢) = 1.0. The
color scheme distinguishes the zeroth-order sub-states according to order of their
appearance in the time evolution. The color and marker styles for the zeroth-order

sub-states are the same in parts (a) and (c).

Figure 4: Illustration of the effects of the rotational /-type resonance combined to

the 3/245 anharmonic resonance in “CH, X 'S, selecting the {1,5,k,e,u} polyad

2772

with the bright state taken to be the (00100,00), X, zeroth-order sub-state:

-(a) Reduced energy graph of the sub-states in the polyad as a function of J(J+1). .
The eigen states (black) are labeled I to IIT according to the ordering of the energy of
the corresponding eigenvalues. The zeroth-order sub-states are colored and

identified on the left as (v,v,v,0,0,,0 ./ ew);

the polyad, plotted as a function of J. The numbering and line marker styles in
parts (a) and (b) are related to the eigenstate label and internally consistent. The

zeroth-order bright sub-state is indicated as (v,v,v,0,0,,l . e/f g/a);

41

URL: http:/mc.manuscriptcentral.com/tandf/tmph

Page 42 of 60

Deleted: Reduced energies
correspond to

E, —1.173000J (J +1)+1.

Deleted: sub-

| Deleted: sub- )




Page 43 of 60 Molecular Physics

©CoO~NOUTA,WNPE

-(c) Calculated relative intensities of the R-branch lines in the I, IT and III «— GS IR
absorption bands. The simulated intensities are given in terms of the upper J
quantum number (J') for a temperature of 500 K. The 3:1 intensity alternation due
to ortho and para acetylene has been cancelled by multiplying the lower intensity

lines by a factor 3;

-(d) Calculated time-dependent probability of the basis states for J = 2 (upper), 30
(medium) and 100 (lower). At t = 0, the bright state (red) begins at P (¢) = 1.0. The
color scheme distinguishes the zeroth-order sub-states according to order of their
appearance in the time evolution. The color and marker styles for the zeroth-order

sub-states are the same in parts (a) and (d).

Figure 5: Illustration of the effects of the 2/444 Coriolis resonance combined to
rotational I-type resonance and 3/245 anharmonic resonance in “C,H, X 'z,

selecting the {5,e,u} polyad with the bright state taken to be the (00100,00), X

zeroth-order sub-state:

-(a) Reduced energy graph of selected sub-states in the polyad as a function of
J(J+1). The eigen states are identified by the marker style (black) and are labeled I
to VII according to their energies. most relevant zeroth-order sub-

states are colored and identified on the left as (v,v,v,v,v,,l /. eu);
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the polyad, as a function of J. The numbering and line marker styles in parts (a)
and (b) are related to the eigenstate label and internally consistent. The zeroth-

order bright sub-state is indicated as (v,v,v,vv,,l,/. e/f ga);

-(c) Resulting intensity borrowing on related R-branch lines simulated at a
temperature of 2,000 K, in function of the upper J quantum number (J'). The two

major contributions to the intensity are summed up, defining the grey bar;

-(d) Calculated time-dependent probability of the basis states for the Coriolis
perturbed J = 92 level (lower), compared J = 88 level (upper), which is not Coriolis-
perturbed. Portions of the graphs shown on an expanded time and probability
scales. The color and marker styles for the zeroth-order sub-states are the same in

parts (a) and (d).

Figure 6: Population distribution in the rotational levels of the GS in “C,H,, X 12; ,

2772

at 27, 270 and 500 K. The ortho and para distributions are color coded.
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Figure 7: The {7,e,u} polyad in "C,H,, X 'S, with the zeroth-order bright sub-state

taken to be (00120,00), X, :

-(a) Reduced energy graph of selected sub-states as function of J(J+1). The eigen
states are identified by the marker style (black) and are labeled I to X according to
their energies. four most relevant zeroth-order sub-states are colored and

identified on the left as (v,v,v,v,v,,l l.eu);

-(b) Squared coefficients of the zeroth-order bright sub-state eigenvector in the
line marker styles in parts (a) and (b) are related to the eigenstate label and are
internally consistent. The zeroth-order bright sub-state is indicated as (v,vv 0,0l

e/f gha);

-(c) Calculated time-dependent probability of the basis states for a thermal
averaged population in the upper zeroth-order bright sub-state, for T = 27 (upper),
270 (middle) and 500 (lower) K. The color code and line marker styles distinguish
zeroth-order sub-states according to their successive rank in the time evolution. The
color and marker styles for the zeroth-order sub-states are identical in parts (a) and

(c).
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Figure 8: The {7,e,g} polyad in "C,H,, X 'S, with the zeroth-order bright sub-state

taken to be (00070,10), IT_,:

-(a) Reduced energy graph of selected sub-states in function of J(J+1). The eigen
states are identified by the marker style (black) and are labeled I to VIII according
to their energies. five most relevant zeroth-order sub-states are colored

and identified on the left as (v,v,v0 0,0l ew);

-(b) Squared coefficients of the (00070,10), I1_, zeroth-order sub-state eigenvector in

eg?

numbering and line marker styles in parts (a) and (b) are related to the eigenstate
label and are internally consistent. The zeroth-order bright sub-state is indicated as

(vo,uv0,.l 1 elf gha);

-(c) Calculated time-dependent probability of the basis states for a thermal averaged
population in the upper zeroth-order bright sub-state, for T = 27 (upper), 270
(middle) and 500 (lower) K. The color scheme and line marker styles distinguish
zeroth-order sub-states according to their order of appearance in the time evolution.
The color and marker styles for the zeroth-order sub-states are the same in parts (a)

and (c).
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Figure 2: Illustration of the effects of the rotational [-type resonance
in 12CoH2, X '3*, selecting the {0,2,k.e,u} polyad with the bright state
taken to be the (00011,1-1), ey zeroth-order sub-state:

(a) Reduced energy graph as a function of J(J+1). The eigenstates
(black) are labeled I and II according to the ordering of their energies.
The zeroth-order sub-states are colored and identified on the left
using (v1v2vV3V4Vs5,lal5ew);

(b) Squared coefficients of the bright state in the composition of
the energy eigenstates plotted as a function of J. The numbering and
line marker styles in parts (a) and (b) are related to the eigenstate
label and internally consistent. The zeroth-order bright sub-state is
indicated as (viv2vsv4vs,lals e/f glu);

(c) Calculated relative intensities of the R-branch lines in the I <
GS and IT <= GS IR absorption bands. The simulated intensities are
given in terms of the upper J quantum number (J') for a temperature
of 500 K. The 3:1 intensity alternation due to ortho and para
acetylene has been cancelled by multiplying the lower intensity lines
by a factor 3;

(d) Calculated time-dependent probability of the basis states for J
= 2 (upper), 30 (medium) and 100 (lower). At t = 0, the bright state
(red) begins at P;(t) = 1.0. The color scheme distinguishes the zeroth-
order sub-states according to order of their appearance in the time
evolution. The color and marker styles for the zeroth-order sub-states
are the same in parts (a) and (d).
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Figure 3: Illustration of the effects of the rotational /-type resonance combined with the 3/245 anharmonic resonance in
12C9Ha, XIZZ, , selecting the {1,5,k.,e,u} polyad with the bright state taken to be the (01011,1-1), Zeu zeroth-order sub-
state:

(a) Reduced energy graph of the sub-states in the polyad as a function of J(J+1). The eigenstates (black) are labeled
I to III according to their energies. The zeroth-order sub-states shown in color and identified on the left as
(vV1V2V3V4Ls, lsl5en);

(b) Squared coefficients of the bright state in the composition of the eigenstates of the polyad, plotted as a function
of J. The numbering and line marker styles in parts (a) and (b) are related to the eigenstate label and are internally
consistent. The zeroth-order bright sub-state is indicated as (viv2vsV4Us,14l5 e/f glu);

(c) Calculated time-dependent probability of the basis states for J = 2 (upper), 30 (medium) and 100 (lower). At t =0,
the bright state (red) begins at P;(¢) = 1.0. The color scheme distinguishes the zeroth-order sub-states according to order
of their appearance in the time evolution. The color and marker styles for the zeroth-order sub-states are the same in
parts (a) and (c).
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35 %70 20 30 40 50 60 70 80 90 J Figure 4: Illustration of the effects of the rotational /-type resonance
36 combined to the 3/245 anharmonic resonance in 2CesHs, X 12; ,
37 (c) Relative Intensity selecting the {1,5,k.,e,u} polyad with the bright state taken to be the
38 I-Gs (00100,00), Zeu zeroth-order sub-state:
39 10 ooy (a) Reduced energy graph of the sub-states in the polyad as a
40 R function of J(J+1). The eigenstates (black) are labeled I to III
41 : '.uu according to the ordering of the energy of the corresponding
42 ¥ on-es, eigenvalues. The zeroth-order sub-states are colored and identified on
43 ° M the left as (Viv2V3V4Vs,lsl5ew);
jg - :ﬂ (b) Squared coefficients of the bright state in the composition of
46 05! = ea the eigenstates of the polyad, plotted as a function of oJ. The
47 *a numbering and line marker styles in parts (a) and (b) are related to
48 . ',"u the eigenstate label and internally consistent. The zeroth-order bright
49 \ *e sub-state is indicated as (viv2v3V4Vs5,l4l5 e/f g/u);
50 a2 (c) Calculated relative intensities of the R-branch lines in the I, II
51 N o and ITI <-GS IR absorption bands. The simulated intensities are given
) in terms of the upper J quantum number (J') for a temperature of 500
52 -GS g, X ; .
53 % 0 % % 0 o T 80 K. The 3:1 intensity alternation due to ortho and para acetylene has
54 been cancelled by multiplying the lower intensity lines by a factor 3;
55 (d) Calculated time-dependent probability of the basis states for o/
56 = 2 (upper), 30 (medium) and 100 (lower). At t = 0, the bright state
57 (red) begins at P;(t) = 1.0. The color scheme distinguishes the zeroth-
58 order sub-states according to order of their appearance in the time
59 evolution. The color and marker styles for the zeroth-order sub-states
60 are the same in parts (a) and (d).
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Figure 5: Tllustration of the effects of the 2/444 Coriolis resonance
combined to rotational I-type resonance and 3/245 anharmonic
resonance in 2CqHa, XT; , selecting the {5,e,u} polyad with the
bright state taken to be the (00100,00), Zcu zeroth-order sub-state:

(a) Reduced energy graph of selected sub-states in the polyad
as a function of J(J+1). The eigenstates are identified by the
marker style (black) and are labeled I to VII according to their
energies. The three most relevant zeroth-order sub-states are
colored and identified on the left as (vivavsvavs,lalsen);

(b) Squared coefficients of the eigenvector in the composition
of the eigenstates in the polyad, as a function of JJ. The numbering
and line marker styles in parts (a) and (b) are related to the
eigenstate label and internally consistent. The zeroth-order bright
sub-state is indicated as (viv2v3V4Vs5,l4l5 e/f glu);

(¢) Resulting intensity borrowing on related R-branch lines
simulated at a temperature of 2,000 K, in function of the upper /
quantum number (J'). The two major contributions to the
intensity are summed up, defining the grey bar;

(d) Calculated time-dependent probability of the basis states
for the Coriolis perturbed J = 92 level (lower), compared J = 88
level (upper), which is not Coriolis-perturbed. Portions of the
graphs shown on an expanded time and probability scales. The
color and marker styles for the zeroth-order sub-states are the
same in parts (a) and (d).
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Figure 7: The {7,e,u} polyad in 12C2Hs, X 12; , with the zeroth-order bright sub-state taken to be (00120,00), Zeu:

(a) Reduced energy graph of selected sub-states as function of J(J+1). The eigenstates are identified by the marker
style (black) and are labeled I to X according to their energies. The four most relevant zeroth-order sub-states are
colored and identified on the left as (vivavsvavs,lalsew);

(b) Squared coefficients of the zeroth-order bright sub-state eigenvector in the composition of the eigenstates in the
polyad, as a function of J. The numbering and line marker styles in parts (a) and (b) are related to the eigenstate label
and are internally consistent. The zeroth-order bright sub-state is indicated as (vivavsvavs,lals e/f glu);

(c) Calculated time-dependent probability of the basis states for a thermal averaged population in the upper zeroth-
order bright sub-state, for T = 27 (upper), 270 (middle) and 500 (lower) K. The color code and line marker styles
distinguish zeroth-order sub-states according to their successive rank in the time evolution. The color and marker styles
for the zeroth-order sub-states are identical in parts (a) and (c).
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42 Figure 8: The {7,e,g} polyad in 12C2Ho, XIZ; , with the zeroth-order bright sub-state taken to be (00070,10), ITeg:
43 (a) Reduced energy graph of selected sub-states in function of J(J+1). The eigenstates are identified by the marker
44 style (black) and are labeled I to VIII according to their energies. The five most relevant zeroth-order sub-states are
45 colored and identified on the left as (viv2vsvavs,lalsen);
46 (b) Squared coefficients of the (00070,10), 1., zeroth-order sub-state eigenvector in the composition of the other
47 eigenstates in the polyad, as a function of /. The numbering and line marker styles in parts (a) and (b) are related to the
48 eigenstate label and are internally consistent. The zeroth-order bright sub-state is indicated as (v1v2v3V4vUs,lal5 e/f glu);
49 (c) Calculated time-dependent probability of the basis states for a thermal averaged population in the upper zeroth-
50 order bright sub-state, for T = 27 (upper), 270 (middle) and 500 (lower) K. The color scheme and line marker styles
51 distinguish zeroth-order sub-states according to their order of appearance in the time evolution. The color and marker
52 styles for the zeroth-order sub-states are the same in parts (a) and (c).
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