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We investigate in this paper the possibility of local model (LM) excitation in polyatomic
molecules by frequency-modulated (FM) lasers. The interaction between the LM and all other
background-forming vibrational modes is treated as a perturbation, whose characteristics can
be drawn from the experimental LM overtone line shapes. An integral expression describing
the LM energy absorption process is obtained by which one can devise the effective
experimental way to excite the LM of polyatomics by FM lasers.

I. INTRODUCTION

The LM excitation or more generally bond-selective ex-
citation in polyatomics by lasers is a subject of much concern
and study recently.'> In a previous paper* (hereafter re-
ferred to as I) we have shown that suitably adjusted FM
laser can be used to excite anharmonic oscillators, much
more effectively than the excitation by fixed frequency or by
consecutive fixed frequencies. It has been long known that
many polyatomic molecules have their own peculiar fre-
quencies, characterizing the stretching or bending vibration
of some specific bond.’ In particular, the recent experiments
of benzene and perdeuterobenzene® demonstrate clearly the
LM property of its C-H (or C-D) bond, up to high vibra-
tional quantum number. But the linewidth of the LM over-
tones is remarkably wide (FWHM = 50-100 cm ") which
cannot be attributed to rotational effect.” Siebert, Reinhardt,
and Hynes (SRH) have developed a delicate and convincing
theory® to explain this phenomenon, and based their argu-
ment on the interaction between the LM and other vibra-
tional modes. We suppose not only benzene, but also many
other molecules with characteristic LM frequencies, possess
these kinds of properties. Should bond-selective excitation
and bond-selective reaction for an arbitrary molecule be a
dream too ambitious, the same attempt for molecules with
prominent LM characteristics may well be within our reach.
It is the purpose of the present paper to show this possibility
by making use of FM lasers.

By reasoning similar to that of Fano® in developing the
quantum theory of spectral lines, the effect of the interaction
between the LM and the background can be reduced to an
equivalent decay rate of the excited LM overtones, and it can
be further interrelated with the linewidth of the LM over-
tones. In this way the cumbersome problem of specifying the
concrete form of the intramolecular interaction is avoided.
Just as in the case of benzene, it is not difficult to use tunable
lasers to diagnose the LM of other polyatomics and, mean-
while, if the latter really exists, to record its overtone line
shapes, then from the expression deduced in this paper, we
can make judgment whether the bond-selective excitation
for this molecule is feasible or not, and if so, how to doit. In
this respect, this paper is hoped to stimulate the interest of
the experimentalists.
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Il. THEORY

For polyatomic molecules, its rotational frequency at

room temperature is usually less than one-hundredth of its
typical vibrational frequency (let alone the case of low tem-
perature, e.g., in a supersonic stream), while the laser fre-
quency is near the frequency of the LM in order to excite it.
Therefore, viewed from the laser, the rotational motion of
the molecule is very slow and its effect can be neglected in
first approximation. We also assume only the LM under con-
sideration has a dipole moment which is coupled directly
with the laser, while all other vibrational modes are not cou-
pled effectively with the EM field of the laser due to the
frequency mismatch or simply due to the absence of dipole
moment. The Hamiltonian of the molecule under the influ-
ence of the laser is, therefore,
H=H,—p&,f(t)g=H +Hp +V—p&,f()g, (1)
with H; the LM Hamiltonian, e.g., the Hamiltonian of the
stretching vibration of a C-H or C-D bond, Hj the Hamil-
tonian of the background, comprising all other vibrational
modes, V is the interaction between the LM and the back-
ground, which can be of a static character originated from
the potential and/or of a dynamic character as elucidated by
SRH in the study of C6H6.i3 Besides, g is the coordinate of the
LM with dipole moment u, &, f(¢) is the laser electric field
with amplitude &,. In Eq. (1) only one LM is introduced
which does not imply any loss of generality. The density
operator p of our system satisfies

dp i i .
9% _ _l(H pl=—-—[Hp,pH]=—iH, (2
0 ﬁ[ ,l ﬁ[pp ] iHp, (2)

where H*=#""[H] is the Liouville 9perator‘° correspond-
ing to H, we also have H* = H} — u&, f(¢)q". Since H, is

" independent of ¢, we can write Eq. (2) as

%(e"”s‘p) = B S0 (), 3)

p(t) =e™ "¥p(0)

+iﬁgoff(t’)e"ﬂg(t—"){q"p(t’)}dt’. (4)
0
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Making use of the formula'’

be "= L [T e

2r J-ow (w — Hj +i0)

where 0(¢) = 1(¢>0), 8(t) =0 (£ <0), and assuming as
usual p(0) commutes with H,, we get from Eq. (4),

P(’)=p(0)—%§fr—°ff S yeiwt—1"
0 J—w

1
(w—Hj +i0)
We use i, v, ¢, , e, to designate the orthonormal eigenstates
and the eigenenergy of the LM H; and use a, 8 for ortho-
normal eigenstates of the background Hy, then (ua, v5...)
can be taken to be the basis functions of the molecule. Since
the interaction V is presumably small (otherwise the mole-
cule cannot show LM characteristics), for an initial ground
state and when the external field is not on, we can take ap-
proximately p(0) = p, (0)pp (0), the ground state energy is

Tr{HLP(O)} = 2 (HL )pv5aB6,u060V6d0503

pa,vB

dw, (5)

{gp(t")}Ydw dt" . (6)

= (H;)oo=E,(0) . 7N
The LM energy from Eq. (6) is

E,(t)ETr{HLp(t)}

=5 O _#goj r fletyem it ="
27r 0 -

XTr [H 1

—_— dodt’. 8
T TP el ®

In case of ¥ = 0, it can be shown readily that Eq. (8) reduces
to a self-evident expression

E, () —E (0)

=lﬁg°f 6(t — ")t )Tr {H, g, () }dt’

0

— ‘ ’ ’ dq B

—#foff(l‘ )TrL[pL(t )—,] dt’, (9)
o dt

where Tr, is the trace with respect to the LM only. Now
consider the general case of V' #0 but small, as the first ap-
proximation of the iteration solution, we can put
p = pr (1)pp (0) in the right-hand side of Eq. (8),

E, () —EL(0)

=ﬂgoffw f(tr)e_iw(;_t')
277- 0 — oo

XTr [HL

1
(0—H} —H -V ]
X [q70L (t)p5(0) Jdw dt’, (10)
where as before p (0) 5 = 8,805 For the total molecular
Hamiltonian Hy, = H; + H; + V, we designate its ortho-

normal set of eigenfunctions by (e,,, ¢,...). In this basis, the
trace in Eq. (10) is
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Tr(10) = 5 (Hy ) om

4 m'ann' ,
X[rg’f——:w_[qxpl‘(t )pB(O)]m'n'} » (11)

where w,,, =# " (e,, —e,). For the two different bases
(m, n...) and (ua, vf...), we have, in the notations of bra
and ket vectors

Im) =73 (pa|m)|ua),
pa

(n| =3 (vB|(n|vB),

B
and
(Hp)pm = (n|Hy|m) = Y (n|ua) (palm)e, , (12)
[P (t")p5(0) ] m ”
=Y (m|v0) (u0|n) [P, () ],y » (13)
so we g::from Egs. (10), (11), and (5),
E, (t) —E.(0)
=in&, J:f(t')o(t — )T e om0
X{g(”wa)(#alm)eﬂ}
X{;(’"WO) (y'O)ln)(q"p,_)v,#,] dt'. (14)

We can also write
[v'0) = Z (m|v'0)|m),

and since e~ “~'|m) is an eigenvector of the molecule, we
have

VO(t—1)) = Y (mly0)ye™ =~ m),  (15)

which shows how an initial LM stata |+'0), due to the inter-
action ¥, will evolve. Equation (14) can be written as
E (t)—-E_(0)
t
= imfoff(t')z e, (pa|vo(t—t'))
0 pa vy
X (@'0(t — ") jua) [§oL (2) ] ,pdt’ . (16)

Now we neglect all the cross product terms
[pa|v'0(z —t")][p'0(t — t ") |jua] withy' #u’ becausegen-
erally they have fast varying phase factor in time, we get

E (1) —E (0)
=,ﬁgoff(:') Se, S [0 — 1) jual
0 pa v

X[gpL ()], dt’.

In Eq. (17) the term |(vO(¢ — ¢') |ua)|? obviously means
the probability that an initial LM |+0) while decaying via the
interaction ¥, will stay on the state |ua) after time (t —¢').
In studying such process for benzene, SRH® introduced the

(17)
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idea of successive “tiers” to describe the gradual lowering of
the LM quantum number and the gradual excitation of the
background vibrations. We suppose similar intramolecular
mechanism also prevails in other polyatomics. In order to
delineate such process in a general and convenient way, it is
natural to borrow some notions from the theory of stochastic
process.'? Consider that the LM is initially at the vibrational
state of quantum number 2 = k, due to the interaction ¥, the
LM quantum number will decay through successive tiers to
(k—1), (k —2),...,.etc. As SHR showed clearly in their cal-
culation for benzene,® if only a finite number of tiers and
finite number of Fermi resonances are taken into account,
the decaying process of LM will have a certain recurrent
time—an artifact that can hardly occur because more and
more resonances are involved with the progress of the LM
energy dissipation. Since the LM decaying process in the
later stage does not affect our calculation very much (see
below), we do not need go into the details but simply assume
(1) ifat time ¢ the LM is at the state of quantum number k,
due to the interaction V' the probability that the transition
k- (k — 1) taking placein (z, t + At) is v, At + o(At), (2)
in (1, t + At), the probability of transition to a state causing
the LM to shift more than one energy level is 0(At), and (3)
the probability of no changeis 1 — v, At 4+ 0(At), then from
the theory of “birth and death process,”'? we get the follow-
ing set of equations for the probability P; (¢) of the LM hav-
ing quantum number / at time #:

dP,
d: = —nP. (k>1),
dP, _,
g =VPr — Vi 1Pi_1 >
(18)

dP
'd—tl'=7’2Pz—7’1Pl ’
dP,

=y, P,
ar iy

with the initial condition P; (0) = &, . It can be shown readi-
ly that Eq. (18) is a “true” stochastic process, i.e.,
d(Zf_, P,)/dt =0and X¥_, P, = 1. The constants 7, can
be interrelated directly to the overtone line width (see be-
low). From the experimental results of benzene,® these
width (FWHM) vary in the range (30-100) cm™! for dif-
ferent overtones of C~H or C-D bonds. For the sake of sim-
plicity in the following calculation, we take all ¥, equal to
some average value y. In this case, the solution of Eq. (18) is
especially simple (in the general case of different y,, the
solution can also be found without difficulty):

P, =e " (k>1).

o 3
k—1=lll!‘e*7’
(19)
(;’t)k-l —
P=—f e 7,
k=1 ¢
k
Po———l—zpi,

i=1

and if kK = 0, we have naturally P, = 1 always. Now putting

S, =3 ¥ e, |(v0(t—t")|ua)|?, (20)

MUY a
and obviously we should identify

300 — ) |pa) =P, (u<v)

SO we get
Sv =e-;(x—r'){(ev —ey) +V_(t;1-'L_)_(ev_l — &)
“v—1 _tnyv—1 .
+...+ v (i’t— lt)? (el—eo)+€0]. (21)

A simple physical picture can be envisioned by comparing
Eq. (17) with Eq. (9). Due to the interaction ¥, the LM
experiences a dissipation process in addition to the excita-
tion by the external field. The terms in Eq. (17) with u > v
should have negligible population and can be discarded, and
due to the exponential factor in Eq. (21), the memory effect
of this dissipation in the integral of Eq. (17) decays fast with
time, therefore, as we said before, the details of the later state
of this dissipation process cannot have much effect upon the
LM energy. We get finally from Eqgs. (17) and (20),

E.(t) ~ EL(O) = a0 [ fe) TS, (2o ()}
0 v
=2ﬁ$oﬁ-‘ff(t') 3,

X{Imsz (t')kakv}dt's (22)
%

where Im means imaginary part.

The decay constant ¥ can be obtained from the experi-
mental overtone linewidth in the following way. The broad
overtone line shapes actually consist of numerous transi-
tions.® If we denote as before [10) the LM eigenstate and |m)
the eigenstate of the molecule (including the interaction V),
then we have from Eq. (15),

(W) =T |(W0|m) |2 e~ (23)

Due to numerous Fermi resonances via potential energy
and/or kinetic energy coupling in polyatomics, many eigen-
states |m) have near energies and also carry oscillator
strength from the ground state. Leaving aside the dipole
transition matrix, the overtone spectrum is

(@) =} [(W0im)|’S [0 ~ (9, ~ @) ]
. (217.)—12 l(wlm)lsz ei[w—(wm—wo)]:dt

o0

=(2w)—‘r [vO]vO(2) ]e“ " dr.  (24)

2 (@) might be an aggregate of sticks, but due to the rota-
tional and Coriolis effect, it is unlikely that they can be re-
solved to such details.® On the other hand, from the first
expression of Eq. (19), we have P, (2) = |(vo|vo(1)][?
= e~ ", 50 we can take approximately
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WO(5)) = |W0)e """ (130), (252)
[VO(1)) = |vOYe ~ ¥ T (1<0) . (25b)

Equation (25b) simply means the fictitious decay process in
reverse time, then from Eq. (24),

S(w) =4 (¥/2)

7 [0 — (0, —wo) >+ (7/2)*

(26)

i.e., a Lorentzian shape of FWHM y centered at (@, — o).
Of course the actual line shape is not always so simple due to
the intricacies of the interaction, nevertheless for our present
purpose it suffices to extract the value of ¥ by comparing Eq.
(26) with the experimental data. Besides the effect of the
interaction V, the experimental linewidth also consists of the
contributions from the rotation and the Coriolis effect,
which make the profile even broader. We do not need to
distinguish these different sources of linewidth in determin-
ing 7, since all of them cause decaying of the LM overtones.
Equations (21) and (22) are the main results of the present
paper for the calculation of the LM excitation by FM lasers.

Ill. NUMERICAL EXAMPLE OF THE EXCITATION OF
C-H BOND

We take the data relevant to the C—H bond of benzene*®

.as an example. The reduced mass of the C-H bond

m = mecmy/(Me + my ) with mg, my; the mass of the car-

bon and hydrogen atoms, respectively. The potential energy

V(q) of the bond stretching motion is simulated by a Morse

function V(g) = D(1 — e~ %7)? with bound state energy
levels

E, =4Dy.g(n) (n=0,12,.), (27a)
gn)=(n+19 —Xe(n-l-%)z, (27b)

where y, = fia/(2y2mD ). Comparing Eq. (27) with the
empirical formula of benzene E,(cm™') =3157(n+1))
~57(n+14)% we get y, =4 D=53828¢eV,a=1.78
A~ and the mechanical frequency (i.e., the frequency of a
classical Morse oscillator at small amplitude)

fiwcy = iy 2D /m = 3156 cm~'. We take the dipole mo-
ment of C-H bond to be fig = 0.8¢ D (g in A) and the laser
field strength 4 & ,/a = 0.26 eV which corresponds approxi-
mately to an intensity of 10'* W/cm?, a value achievable
with modern focusing ps technique. Let the FM laser be

S(r) =cos 27 (1 — Br)T, (28)

where £ is an adjustable parameter and 7 = Q¢ /(2m1), Q,
the initial frequency of the laser field. As in paper I, we take
Q, = 0.9467 wcy = 2988 cm ™. According to Eq. (22), we
should first calculate the density matrix p, (¢),, of the exci-
tation of a pure LM. This can be done following the proce-
dure in paper I, but this time we take 24 bound states (the
total number of bound states is 27) to ensure that the popula-
tions of the few highest states are small in the course of exci-
tation. Using the notations in paper I, let the coefficient of
expansion of the wave functionbeq; (i =0,1,...,23), then by
definition (p; ), = a,af. We get from Eqgs. (21) and (22),

J..Chy
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er (P =[E, (1) — E, (0)]/(4Dy,)
= 4mp & o(afify)
23
x[ 77 35,(r= 0, (29)
(4 n=0
S, (r—7) =e"'”""l(g,, — &)

yr=1)

+ M (8n-1— &)+
-1 1yn—1

+Vl (r—7) (gn—go)+go}’ (30)
(n—1)

23
Q.(r) = Y Ima,(n)at(r)(@q)in » 3D
k=0
where the matrix element (ag),, has an explicit expression
as shown in paper I, and ¥ = 27y/Q, (FWHM = 50 cm ™'
corresponds to ¥ = 0.1051). Figures 1 and 2 depict the re-
sults of calculation. The value of the FM parameter S is fixed
after several test runs to select a better one. But it can be seen
from Fig. 2 that its value is not very sensitive for the result,
and this is favorable for designing the experiment. The
linewidth of the overtones has a crucial effect on the effective
excitation of the LM, but if the laser field strength is suffi-
ciently high, average FWHM linewidth of 50 cm ™' or even
more does not constitute an obstacle (Fig. 1, curves 1-3).
When the field strength is not high enough, even the pure
LM cannot build up very soon, the intramolecular interac-

4r
AE| (ev)
4
3..
3
2
1
2t
1-
5
0 L. A L
Q 25 50 75 'C

FIG. 1. Effect of overtone linewidth on the LM excitation of C~H bond in
benzene. LM energy absorption AE;, = E; (1) — E,(0) ineV. 7=t/
(2m), Q,=2988 cm™; field strength u& o/a = 0.26 eV (laser intensity
=10" W/cm?), FM parameter B=32X10"> For curves 1-4,
y = 0.1051, 0.08, 0.06, and 0 (i.e., FWHM of overtone lines = 50, 38, 29,
and Ocm™ '), respectively. The effect of field strength is shown in curve 5:
p€y/a=0.1,=1x10"% and y=0.
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FIG. 2. Effect of FM parameter £ on the LM excitation of C-H bond in
benzene. Field strength u#/a = 0.26 eV, ¥ = 0.1051. For curves 1-3:
B=2.8x10733.2xX1073, 3.6 X 1073, respectively. 4: =0, y =0.

tion naturally hinders us from achieving the goal of LM exci-
tation (Fig. 1, curve 5).

It can be seen from the above that FM laser is a quite
promising agent to enhance the LM excitation in polyatomic
molecules, so long as the latter possess distinct LM over-
tones with not excessive linebreadth. The technological diffi-

culty is perhaps not so tremendous as it first looks, e.g., we
can use piezoelectric or electro-optic devices to change the
optical cavity length during the pulse in a controllable way to
get the desired center-frequency shift.

ACKNOWLEDGMENT

This work is supported by the National Science Founda-
tion of the People’s Republic of China.

'D. W. Chandler, W. E. Farneth, and R. N. Zare, J. Chem. Phys. 77, 4447
(1982).

2W. S. Warren and A. H. Zewail, J. Chem. Phys. 78, 3583 (1983).

3N. Bloembergen and A. H. Zewail, J. Phys. Chem. 88, 5459 (1984).

“B. M. Xie and J. Q. Ding, J. Chem. Phys. 84, 3819 (1986).

5G. Herzberg, Molecular Spectra and Molecular Structure (Van Nostrand,
New York 1954), Vol. 2, pp. 194-201.

$(a)K. V. Reddy, D. F. Heller, and M. J. Berry, J. Chem. Phys. 76, 2814
(1982). (b) H. L. Fang and R. L. Swofford, in Advances in Laser Spectros-
copy, edited by B. A. Garetzand J. R. Lombardi (Heyden, London, 1982),
Vol. 1, and references therein.

’D. F. Heller and S. Mukamel, J. Chem. Phys. 70, 463 (1979).

SE. L. Siebert III, W. P. Reinhardt, and J. T. Hynes, J. Chem. Phys. 81,
1115 (1984).

°U. Fano, Phys. Rev. 131, 259 (1963).

19R. Kubo, J. Phys. Soc. Jpn. 12, 570 (1957).

' A. Bohm, Quantum Mechanics (Springer, Berlin, 1979), pp. 344-346.

12A. T. Bharucha-Reid, Elements of the Theory of Markov Processes and
their Applications (McGraw-Hill, New York, 1960) p. 86.

J. Chem. Phys., Vol. 86, No. 12, 15 June 1987
Downloaded 10 Nov 2009 to 159.226.231.70. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



