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On Obtaining Reactive Potential Energy Surfaces from Transition State Photodetachment
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We present a method for determining reactive potential energy surfaces from experimental photodetachment
spectra. The variations of the theoretical photodetachment spectrum with respect to potential parameters (the
“derivatives” of the spectrum) are calculated. These derivatives are used in an iterative Levdnaergardt-

based algorithm to find the optimal values of the potential parameters, i.e., those yielding the theoretical
spectrum that best matches the experimental one. Applications of the method to one- and two-degrees-of-
freedom model systems are presented, and accurate results are obtained with a small number of iterations.
Prospects for treating realistic systems are discussed.

1. Introduction Thederivative ofy? with respect to a potential parametey
indicates how the error changeswgss varied and is then given

In the preceding papgin this issue (hereafter referred to as by

Paper 1) we carried out a sensitivity analysis of transition state
(photodetachment) spectra. Specifically, for two model systems, 3)(2 Ne I (E;; )

we determined the regions of the neutral potential energy surface = =2 Z —[I(E; ) — I(E)] (2)
to which the spectra are sensitive. One of the primary conclu- day =1 ooy

sions drawn from that analysis is that the spectra are sensitive
to the barrier region in a wide number of cases, including those

where the FranckCondon region (i.e., the location of the anion h dh h derivati be obtained
bound state) does not coincide with the transition state. This " Paper |, we showed how these derivatives can be obtaine

result suggests that it should be possible to use transition staté!SiNd @ Qrﬁenl’os fugptionbin agiscrete V;ﬁg#'; represen?ﬁon
spectra to obtain information about the barrier on the neutral (PVR) with absorbing boundary conditions' (ABC). This

potential surface. In this paper we present an iterative method"j‘pp_rc_’aCh allows the calculatlon_ of the derivatives with no

for “inverting” a transition state spectrum to obtain an accurate _add't'onal effort beyond that requwe_d to chCL_JIate the spectrum

representation of the neutral surface in the barrier region.  !tSelf. Briefly, the photodetachment intensity in the DVR-ABC
formulation is given within the FranekCondon approximation

2. Methodology by10.11

In Paper |, we showed how the derivative of a photodetach- I(E) = — 1 Im ¢ -®; (E) (3)
ment spectrum with respect to a parameter of the neutral T bb
potential energy surface can be obtained for no extra cost beyondAnd’ as shown in Paper I, the derivative of the intensity at

that required to calculate the spectrum itself. In this section, energyE with respect to a potential parameteris
we review the relevant formulas for completeness and then

describe the methodology for “inverting” transition state spectra. aE) 1
As in Paper |, we consider a potential surface for a chemical a_aj T

reaction defined by a set & parameters. = { o} j=1,.m. FOr

the purposes of this paper the eatill represent the parameters ~ The scattering wavefunctio®, (E) is defined as

in an analytical representation of the potential energy surface. 4 i

The derivativedl (E)/do; can be used to optimize the values of @, (E) =G (E) ¢y ©)

the potential parameters for whiéh(E)/da; = 0. Specifically,

given an experimentally measured spectrigdE), at a set of

Ne energieq Ei} we can define a measure of the “error” in the

Thus, the key to this approach is the calculation of the
derivativesdl (E)/dq,.

+ NV
|m®ﬂ55a®da (4)

wheregy, is the anion bound state wavefunction vector in the
DVR andG*(E) is the DVR-ABC Green’s functioh?

trial spectrum as G'(E)=(El —H +ie)* (6)
Ne with outgoing wave boundary conditions. Het¢,and e are
2 _ . 2 the DVR matrices of the Hamiltonian and the absorbing
= I(E; o) — I (E 1 )
=3 ;@) ~ I ()] @ Cential
As can be seen from egs-3 the primary effort in calculating
The optimum potential is then the one that minimiz&s the photodetachment intensiti(E), and its derivative with
respect to a potential parametet(E)/dq;, is the same: the
T Current address. University of Colorado. action of the Green'’s function onto the anion bound state. Thus,
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any and all derivatives of the spectrum can be obtained with of the scattering energy using the exact potential, eq 7. Initial

no extra effort beyond that required to compUte) itself. In

guesses are made for the parametéssand b in the trial

addition, we note that, in principle, the entire photodetachment potential. The LevenbergMarquardt-based scheme described
spectrum can be obtained in a single calculation using the quasi-in Section 2 is then used to minimize the ergdi(eq 1) of the

minimal residual (QMRES) methé#ifor acting the Green’s
function on the anion bound stdte.
A generic iterative scheme for obtaining the neutral potential

theoretical spectrurt{E) obtained with the trial potential, eq 8,
relative toleE).

Figure 1a shows the initial, optimized, and “experimental’

energy surface from an experimental photodetachment spectrunphotodetachment spectra resulting from this exercise for the case

is as follows: 3
(1) Make an initial guess for the potential, V

whereqp = 0 and initially Vo = 0.7 eV andb = 1.4 au. Here
the spectra are for photodetachment from the anion ground state

(2) Calculate the photodetachment spectrum (and its deriva-(, = 0). The initial trial potential gives a spectrum peaking at

tives) associated wit’ using eqgs 3-5.

(3) Calculate the “error” of the theoretical spectrum relative
to the experimental one using eq 1.

(4) Use the derivativesl (E)/d; to obtain a new.

(5) Return to 2, iterating untj}? is minimized.

significantly higher energy than the exact spectrum due to the
greater barrier height. However, the spectrum obtained from
the optimized trial potential is in excellent agreement with the
exact spectrum. Figure 2a shows the egfafon a semilog plot)
and the values d¥, andb at each iteration of the optimization.

A variety of schemes of this sort can be conceived, particularly Convergence is achieved in 15 iterations yielding excellent

several that differ only in the method used in Step 4. In this
paper we use a Levenberiylarquardt algorithr¥ for imple-

agreement in the barrier height with optimized value¥go&
0.424 eV andb = 0.977 au. Note that while there is a plateau

menting this scheme. This algorithm uses a combination of the in the value ofy? it decreases monotonically with the number
inverse-Hessian and steepest descent methods to update thef iterations. It is interesting that the valuetpinitially increases

parameters to be optimizefig}j=1,.m.
On the basis of sensitivity analysis in Paper I, it seems
unlikely that, in general, an accurate “point-by-point” repre-

by an order of magnitude from its initial value before converging
to its optimum value. On the other hand, the route of the barrier
height to its final value is much more direct.

sentation of the potential surface can be obtained by inverting  Figure 1b shows the initial, optimized, and “experimental”
transition state spectra. An extreme example is the case Wherephotodetachment spectra from the= 1 anion state withgo =

the Franck-Condon region is in the reactant valley. If photo-

0. The initial parameters in the trial potential are takeVas

detachment of the anion does not lead to formation of the neutraly g ey andb = 0.6 au. These result in a spectrum peaked at
products then the spectrum contains no information about thevery high energies (in fact the intensity is nonzero outside the

product side of the potential. Nevertheless, as seen in Paper lyange of energies considered in the optimization). Despite the
the photodetachment spectrum can still provide information initia| barrier height being more than twice the exact value, the

about the barrier region in this case. Thus, here we considergptimization is completed in 16 iterations giving a spectrum in

the optimization of parameters in an analytical representation gy cellent agreement with the “experimental” one.

of the neutral surface. The goal is to establish the viability and

properties of the present approach by treating model systems
Thus, the “experimental” spectrum is generated by a theoretical

calculation using one potential (what we will call the exact

potential). Then the “experimental” spectrum is used to optimize
the parameters of a trial potential with a different functional

form by minimizing the error of the theoretical spectrum

(obtained using the trial potential) relative to the “experimental”
one.

3. Model Systems
A. One-Dimensional Barrier. As a first test of the method

The error in the theoretical spectrum and the values of the

trial potential parameters are shown in Figure 2b as a function

of the number of iterations. As in Figure 2g? decreases
monotonically while b initially increases by an order of
magnitude before converging (to 0.948 au). Here the value of
Vo first increases te-1.4 eV before decreasing to its optimized
value of 0.422 eV, in excellent agreement with the barrier height
of the exact potential.

The initial, optimized, and “experimental” photodetachment
spectra from the anion ground state wigh= 1 au are shown
in Figure 1c. The initial values of, andb are taken to be 0.2
eV and 0.6 au, respectively. The initial spectrum is quite

proposed in Section 2, we consider a one-dimensional modelgjfferent from the “experimental” one; it is peaked at a

problem in which the exact (i.e., “experimental”) spectra are
those for the Eckart barrier model considered in Papé? The
exact, or target, neutral potential is given by
Ve (@) = Vpsechi(g/a) (7)
with Vo® = 0.425 eV anda = 1 au and the anion potential is
a harmonic oscillator of frequeney = 3000 cnT?! centered at
(o- The mass is taken to be 1060 au and in what follows we
consider bothlgg = 0 andgy = 1 au. The trial potential has a
different functional form and is a Gaussian,
V(@) = Ve ™7 ®)
whereVy andb are the parameters to be optimized using the
“experimental” spectrum.

The test of the method is as follows. The “experimental”
photodetachment spectrutg(E), is first calculated at 60 values

significantly lower energy and consists of a narrow peak with

a shoulder at higher energy whereas the exact spectrum consists
of two distinct broad peaks with the second having much less
intensity. The optimized spectrum is in excellent agreement with
the exact spectrum reproducing both the position and width of
the peaks.

The convergence of the error in the theoretical spectrum and
the trial potential parameters is shown for this case in Figure
2c. The behavior observed here is notably different from that
in Figure 2, parts a and b. First, convergence is achieved in
significantly fewer iterations, 9 vs15. Second, botl, andb
rise almost monotonically to their optimized values of 0.404
eV and 0.81 au, respectively. As befoyé decreases monotoni-
cally. The final barrier height is slightly lower than that obtained
in the previous cases withlp = 0, but is still in excellent
agreement within 0.5 kcal/mol of the exact value.

Note that the different choices for the anion bound state used
to obtain the spectrum (i.e., the valuesuandqg) do not lead
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Figure 1. The initial, optimized, and “experimental” photodetachment
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Figure 2. The errory? and potential parameteid, and b for the
optimization of the potential, corresponding to the cases shown in
Figures la-c, are plotted as a function of the number of iterations in
the optimization. Again, results are shown for photodetachment from
(a) thev = 0 anion state withgp = 0, (b) they = 1 anion state with

o = 0, and (c) thev = 0 anion state witlgy = 1 au.

10

neutral potential and the optimized values of the trial potential
parameters are those that best match the trial and exact potentials

spectra for the one-dimensional model are plotted. In each case, thein those regions. Note that in all cases the optimized photode-

initial spectrum is shown as the solid line, the optimized spectrum as

the dashed line, and the “experimental” spectriyn= 0.425 eV,a=

tachment spectra are in excellent agreement with the “experi-

1.0 au) as the solid circles. Results are shown for photodetachmentmental” spectra. However, we saw that fgr= 0 thev = 0

from (a) thev = 0 anion state wittgp = 0, (b) they = 1 anion state
with go = 0, and (c) thev = 0 anion state witlgp = 1 au. The initial
and optimized potential parameters are given in the text.

to the same optimizedp andb. This is a consequence of using
a different functional form for the exact and trial potentials.

andv = 1 anion states yield slightly different optimized values
of Vo andb. And, for thev = 0, gp = 1 au anion state we
obtained an optimum value df that is ~15% lower and a
slightly lower value forVo. The initial, optimized, and exact
neutral potentials for this case are shown in Figure 3. Note that
the optimum potential is indistinguishable from the exact

Each anion state probes somewhat different regions of thepotential on the sides of the barrier. Also, while the final barrier
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Figure 3. The initial, optimized, and exact potentials for the one-
dimensional model problem are plotted. The results shown are from
the optimization carried out using the photodetachment spectrum from
thev = 0 anion state witlyy = 1 au. The exact (Eckart barrier) potential

is shown as the solid line while the initial and optimized (Gaussian)
potentials are indicated by the dalashed and dashed lines, respec-
tively.

height is somewhat low, it is still in excellent agreement with
the exact value.

B. Collinear H + H,. As a second example we consider a
two-degrees-of-freedom model system in which the neutral
potential energy surface is that for the collineatHH, reaction.

In this case, the exact neutral potential is given by the LSTH
surfacd® which has a barrier height of 0.425 éW The
“experimental” photodetachment spectrum is obtained using this
potential with a separable harmonic oscillator anion potential
in the Jacobi coordinates of the reactant arrangement,

1/anior(rv R) = %urw?(r - r0)2 + %uRwZR(R - RO)2 )

Here r and R are the vibrational and translational Jacobi
coordinates, respectively, with associated reduced masses
ur. As in Paper I, we consider two sets of parameters for the
anion potential withn, = 2500 cntt andwg = 2000 cntt in
both cases. Set A has an equilibrium geometry identical to that
of the neutral transition state with = 1.757 au andRy = 2.6355
au. For Set B the equilibrium geometry is displaced into the
reactant valley withro = 1.6 au and?y, = 3.2 au.

The trial potential to be optimized is of the LondeByring—
Polanyi-Sato (LEPS) form,

\7(": R) = Qab+ Qac+ ch -
\/‘]ab2 + ‘]acz + ‘]bc2 - ‘]aUJac - ‘]ab‘]bc - Jachc (10)

where a, b, and c label the three atoms and, e.g.,

1

Qup=7PIB + e Pl _ (2 + 6R)e Al )1 + S)
(11)
and
Jap=FDI(L + 3S)e W0 — (6.4 25)e a1y
1+9S) (12)

Here D, 3, andrg are the Morse parameters for the diatomic
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Figure 4. The “experimental”, initial, and optimized photodetachment
spectra for the collinear 4 model are plotted. Results using the anion
potential parameter (a) Set A and (b) Set B are shown. The initial spectra
(S= 0.2 corresponding t&, = 0.828 eV) are plotted as solid lines,
the optimized spectrunmS(= 0.355 corresponding t¥, = 0.439 eV

for Set A andS= 0.347 corresponding td, = 0.464 eV for Set B) as
dashed lines, and the “experimental” specWa € 0.425 eV) as the
solid circles.

fragment; by symmetry these parameters are the same for each
pair and can be obtained from the well-known diatomig H
potential. The values are taken to be= 4.75 eV, = 1.044

au, andrg 1.42 au. The Sato parameted, is here the
parameter to be optimized by minimizing the error of the
theoretical photodetachment spectrum relative to the “experi-
mental” one.

For parameter Set A, Figure 4a shows the “experimental’
spectrum calculated using the LSTH potential and the initial
and optimized spectra from the LEPS surface. The initial value
of Sis taken as 0.2 corresponding to a barrier height of 0.828
eV. Due to the larger barrier height the initial spectrum is shifted
to higher energy and broadened relative to the exact one. The
optimized spectrum obtained after 15 iterations is in very good
agreement with the “experimental” one, the primary difference
being that the peak maximum has a lower value. Note that the
sharp dip at~0.9 eV due to the production of Hy = 1)t is
well reproduced. Plots of the analogous photodetachment spectra
for parameter Set B are shown in Figure 4b for the same initial
S The results are much the same for this displaced anion
geometry as observed for Set A. The initial spectrum peaks at
a higher energy and is broadened while the optimized spectrum
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Figure 5. The errory?, Sato paramete, and corresponding barrier
heightV, for the optimizations of the LEPS potential corresponding to
Figure 4 are plotted as a function of the number of iterations. The results Figure 6. Same as Figure 4b but the “experimental” spectrum has
are shown for anion potential parameter Set A as the solid lines with been convoluted withy = 0.01 eV (cf. eq 13) and the trial spectra
filled symbols and for Set B as the dashed lines with open symbols. with 7 = 0.008 eV (see the text). Here the optimized spectrumSas

= 0.347 corresponding t¥, = 0.466 eV.

is in quite good agreement with a minor difference in the peak
maximum. This is true even though the anion bound state waven fact, while a somewhat larger number of iterations is required,
function for Set B has little overlap with the barrier region of the final values of the Sato parameter is almost identical (within
the neutral potential. 0.001) to the unconvoluted case.

Figure 5 shows the error in the theoretical spectrymthe
value of the Sato parameter, and the corresponding barrier height. Concluding Remarks
at each iteration for both the Set A and Set B cases. As seen - .
for the one-dimensional example above, the different anion states We .have presented a method. for determining reactive
lead to slightly different values of the optimized parameter. potential energy surfaces from transition state photodetachment

Using Set A the optimum value &is found to be 0.355 while spectra. The method make_s use of the derivatives of the
Set B yields 0.347. This difference naturally leads to different pho:oﬂetact;hns_e?t spectra V¥'th reAspecr;]t to paramgtﬂers of the
barrier heights in the optimized potentials, giving values of 0.439 neutral potential energy surface. As shown previoaghese

and 0.464 eV for Sets A and B, respectively. It is worth noting derivatives can be obtained at no additional cost above that
that these are withirc1 kcal/mél of the exact barrier height. required to calculate the spectrum itself. An iterative Leven-

In both cases the convergence of the Sato parameter is Smootll?erg—Marquardt-_bgsgql schemg is used to optimize the poten.tial
and rapid, being completed in 10 iterations parameters by minimizing the differences between the theoretical

o . . . and experimental photodetachment spectra.
One factor that can limit the effectiveness of an inversion The viability of this approach has been demonstrated by its
procedure is finite experimental resolution. This can be reason- y PP y

ably represented by Gaussian convolution of the theoretical sgfallliﬁittljovcit:lothtgga?:izcrj(Elleisﬁtgnmfﬁelzr\);cftlrﬁlmo?(grrlttei;n:a?etr IS
spectrum. That is, in making a comparison with an experimental 9 P gy

spectrum the theoretical spectrum to be used is given by surfaces in all cases. The method converges rapidly and thus
requires only a small number of calculations of the photode-

s tachment spectrum (and its derivatives). In addition, the finite
I(E)=N f I(E") e E BV gEr (13) resolution of experimental spectra can be dealt with by convolu-
tion of the theoretical spectrum and does not hinder the
whereN is a normalization constant determined, e.g., by scaling determination of the potential surface even if the resolution is
to match the maximum value of the experimental spectrum. We not known exactly.
can examine the effect on the inversion of the transition state It is worth noting that multiple spectra for the same system
spectra by generating an “experimental” spectrum by convolut- obtained with different initial anion bound states can be used
ing the calculated spectrum for the exact potential. to advantage in this method. The measure of the error in eq 1
To this end, we have optimized the LEPS potential using the (which is minimized) can be simply extended to include more
Hs~ spectrum calculated using the LSTH potential (with anion than one spectrum. The development of experimental techniques
potential parameter Set B) and convoluted wjth= 0.01 eV, for varying the anion wave function would thus improve the
a reasonable experimental value. Since the exact resolution mayability to accurately determine the neutral potential surface.
not always be known, we convolute the trial spectra with a  There are a number of systems that would be interesting to
different valuej; = 0.008 eV. The initial, optimized, and exact treat with this method. These include the XH¥ystems (the
(convoluted) spectra are shown in Figure 6 for this case. Note X + HY reactions), where X and Y are halides. The photode-
that the optimized spectrum is in very good agreement with tachment spectra of these anions have been the subject of
the “experimental” spectrum. The optimized value of the Sato extensive experimental studi¥sin addition, larger molecules
parameter is 0.347, corresponding to a barrier height of 0.466 are such as cyclooctatetraéhare of interest which, while not
eV. The convergence is smooth, similar to that in Figure 5, and amenable to a full-dimensional quantum mechanical description,
is completed in 15 iterations. Thus, excellent agreement with can be accurately treated in reduced dimensionality. In the case
the exact barrier height is obtained despite the convolution and of cyclooctatetraene the photodetachment spectrum probes the
the use of different values of for the exact and trial spectra.  barrier to isomerization of the molecule.

Scattering Energy (eV)
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