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The ultraviolet absorption cross sections of six isotopically substituted nitrous oxide spébiEsli€O,

MNNLO MMNTANTEO, MNTNTEO, 15NI1NIT6O, and!®N1eNI10) were computed using the wave packet propaga-

tion technique to explore the influence of excited-state dynamics, transition dipole surface, and initial vibrational
state. Three-dimensional potential energy surfaces for the electronic statg3 wdlated to the experimentally
observed photoabsorption between 170 and 220 nm were calculated using the ab initio molecular orbital
configuration interaction method. The transition dipole moment surfaces between these states were also
calculated. Numerous wave packet simulations were carried out and used to calculate the temperature-dependent
photodissociation cross sections of the six isotopically substituted species. The photolytic isotopic fractionation
constants determined using the calculated cross sections are in good agreement with recent experiments. The
results show that, in addition to the effect of the changed shape of the ground-state vibrational wave function
with isotopic substitution, photodissociation dynamics play a central role in determining isotopic fractionation
constants.

1. Introduction N,O(1'=") + hw(4 ca. 205 nm)—~ N,(1'2,") + O('D)

Nitrous oxide (NO) is the most abundant nitrogen-containing (1.1)
species in the atmosphere after molecular nitrogen. It is labile and oxidation by J) (10%)$! Reaction 1.1 occurs on the
relative to the extremely inert Nand thus plays a central role  low energy side of the first electronic absorption band, which
in the biogeochemical nitrogen cycle,® is one of the main  is a broad peak centered at 182 nm with a small amount of
greenhouse gasédand its oxidation in the stratosphere is the Vibrational structure on the high energy sidé?The quantum

main source of Ozone_dep|eting nitrogen oxi@éshe mole yleld of reaction 1.1 is unity. PhOtO'ySiS experiments at 185
fraction of NO in the atmosphere is ca. 320 ppb and is nm.# in addition to cross section measurements of 446, 456,

increasing by 0.8 ppb/yr, with an overall increase~af7% 546, and 556 between 173 and 197lﬁmdlcated that reaction

relative to preindustrial levelsThe source of atmospheric,® 1.1 does not result in significant isotopic fractionation, implying
is mainly microbes in the soil and oceans, and its production is @ large and fundamental problem in our understanding of the
stimulated by agricultural fertilizer. Because emissions are atmospheric BO budget. Large additional sources of the
diffuse they are difficult to estimate, resulting in an effort to iSotopically enriched bD were therefore proposed (see, for
constrain the atmospheric budget of nitrous oxide using isotopic 8x@mple, ref 16). However, in 1997 Yung and Miller presented
analysis. The mass balance equation links the atmosphericthe zero point energy (ZPE) modélwhich made clear that

distribution of isotopically distinct BD species, the isotopic photolysis could rggult in significant jsotopic fractio.natior!. In
this model, the position of the absorption band of an isotopically

enrichment of emissions and possible in situ sources, and the X oo . . .
fractionation resulting from photochemical Id&lsotopically substituted species is tgken to be that of the main species shifted
substituted species’ distributions have been measured in numerdY th_e chgnge in vibrational Z'_DE' The ZPE model Incorporates
ous field studies, using the naturally occurring stable isotopesthe invariance of the potentlal energy sgrfaces to_isotopic
1N and 15N and 260, 170, and80.7-10 The most important substl_tutlon (Borﬁ_Oppenhelr_ner appr(_JX|m_at|on) a_nd concludgs
isotopic analogues aféN4N10 (abbreviated 446), 456, 546, that_ since the excited state is repulsive, increasing tl_1e vertical
556, 447, and 448. excitation energy by the ZPE change can approximate the

. . . . . isotope effect. Atmospheric photolysis via reaction 1.1 occurs
The main sources of nitrous oxide, bacteria in the soil and

. : away from the maximum, and so a small shift of the band
ocean, produce 3D depleted in the heavy isotopes of N and O sition would result in a significantly slower photolysis rate

relative to the tropospheféin contrast to its diffuse emission, g, jsotopically heavy species, thus removing the imbalance in
the loss of nitrous oxide from the atmosphere is very simple, ihe isotopic budget and the need for exotic in situ sources.
involving photolysis in the stratospheric UV window (90%):  gyhsequent experiments showed isotopic enrichments about
twice those predicted by the ZPE modalthough qualitative

TPalrﬁlof the “r?ert D. Billing g/lemoriil ISijug"- " 4 Pho agreement was observed. An effort was made by Billing and
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564-55-7468. Fax-+81-564.55-7025. E-mail: nanbu@ims.ac.ip. co-workers in 2001 to 'account 'for the. d|ffer.en'ce between the
# |nstitute for Molecular Science. ZPE model and experiment using a first-principles approach.
§ University of Copenhagen. The Hermite Propagator (HP) moéi®incorporated the effects
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of the thermal distribution of vibrational states in the sample, = The MOs and electronic configuration for the ground state
transition dipole surfacé and excited-state dynamics and gave at its equilibrium geometry were calculated to be as follows:
better agreement with experiments and field studies. The HP

model results were used to describe photolytic fractionation in (1d)2(2d)2(3d)2(4a)Z(Sd)2(63)2(7a)2(1a')2(86()2(2&')2

a 3D atmospheric general circulation model resulting in a

description of isotopic fractionation in the stratospheric sink (9a)4(104)°(3d")°(114)°(124)++-+(11A")

reaction§ and predicted isotopologue and isotopomer distribu-

tions in remarkably good agreement with field studies. However, \yhere the key valence orbitals are:7AINO o bond, ony +

the HP model could not give a complete description of the ; .- 84 and 14: NNO & bond, zny + 7no: 9d and 24:
photodissociation process since at that time the best availablenN 7 and NOz* bonds, m + 7*no: 104 and 34: NN 7

PESs only included two degrees of freedom (Jacobi coordinatesgng NO 7+ bonds, 7*ny + 7*no: 118: NN o and NO o*

with a fixed N, bond distance}* The two-dimensional model  honds ony + 0*no; and 128 NN o* and NO o* bonds,
is not unreasonable since the Bond distance contracts less g+ + *\o. The MOs used in the CI calculations are

than 3% (from 1.128 A'in B0 t0 1.10 A in N) during the determined by CASSCF calculations. The active space orbi-
photodissociation process and because reaction 1.1 producesgy|s for the CASSCF calculations were chosen as follows:
vibrationally cold N.22 Blake, Yung, and co-workers have [(6a)(7d)(1d")(84)(2&)(9d)(3d")(10d) (11d)]*2.

recently published a semiempirical model for estimating the To obtain the MOs necessary to describe the excited

effect of isotopic substitution on UV absorption speé&#. This . "
S states correlated with @) + No(X'X,; ), state-averaged CASS-
theory goes beyond the ZPE theory by considering the theoryCF calculations for thred' and twoA" states were performed.

for the classical cross sectiéh2® which combines a Wigner X i :

distribution function and the reflection principle. Changes in 1—2;} dn‘?rfutrhaé?{Egﬁ:ﬁé&;ﬂ”}?ig&ggg dcrﬁﬁﬁzieizlﬁgleaggﬂ%ﬂe

the shape of the ground-state vibrational wave function due to ">~ " : . . )
P g ration interaction (MRCI) calculatior’:3°The active space of

isotopic substitution are linked to shifts in the UV absorption the MRCI calculation was the same as that of CASSCF, and

spectrum via the reflection principle. A few parameters describ- ; 8 -
ing the excited-state surface are determined by comparing thethe configuration state functions (CSFs) were generated by

initial vibrational wave function to the measured absorption smgl_e anq double excitations with respect to the reference
spectrum of the main isotopic species. The model is useful for conf_lguratlons “S?d in the CASSCF calcula_tlon. Moreover, the
estimating the isotopic fractionation in small molecules with a Dawdson correction for the MRCI cqlculatlon. was egnployed
short-lived excited state in the region of the absorption to include correlation energy due to higher excitati#hs® The
maximum: however, the model simplifies the dynamics of the total number of configurations after the internal contraction was

system on the excited-state surface. As small systems such ay pically arfound GPCI)EOSO O?O ft(;]A' symrr(;etrly. tThg pot?ﬂgtiall
N2O are amenable to full quantum dynamical calculations, the energy surfaces ( s) for the ground electronic sta#)(

present study was undertaken to explore the effect of dynamicsi‘lnﬁ the nextbttw_o ecljec_trrrc]) m::ally .?.Xc't%q S|Inglet Statét@‘(fntd
on the full three-dimensional potential energy surface in addition h ) were obtained. Ie rznf& lon h 'pgle mom(fan S be We_ﬁ?
to the effects of the initial vibrational state and the transition ['€S€ states were evaluated from the Cl wave functions. The

. interpolant moving-least-squares (IMLS) method combined with
dipole surface. the Shepard interpolati d to determine the global PES
Nitrous oxide has attracted the attention of theotists?®and € snepard interpolation was used to determine e gioba s

experimentalis-32 in chemical physics for a number of and the dipole surfaces in the present w&rkhe parametera

reasons unrelated to its role in the atmosphere. Photodi.*:,sociatior%alndp used to determine the weighting functions (see eq 6 of

of N,O is used as a source of excited'D) atoms in molecular ref 39) were chosen to k= 0.03 andp = 3._The final ’.‘”mbef
beam and kinetics studies. Moreover, sing®Ns chemically of data-pomts_ was 1900. All of the ab initio calculaﬂ{gns were
stable and the branching ratio for {0) dominates the other perform_ed using the M.OLPRO 2000.3 program pac Gene

two channels, this process is a benchmark system for half- calculations were carried out on the SGI_ Or|g|n25_300 computer
collisions in reaction dynamics. In particular, determination of of the Resgarch Cef“er for Computatlolnal Smgnce of The
the rotational distribution of the Nfragments is an important Okazaki National Institutes. Each data point required about 16

research topic and the subject of a number of theoretical andgffcgiu t.'tme ona S'.T)?let C(I;’LtJ Usmg pliar?ltlﬁl protcest§|lrlg with
experimental studie®-3 s, it was possible to determine all of the potential energy

Section 2 outlines the ab initio molecular orbital (MO) data over the course of?months. .
configuration interaction (Cl) methods used in our determination _ Wave Packet Dynamics.The wave packet propagation
of the global potential energy surfaces, as well as the wave technlqule used in the present work was the “real wave packet
packet dynamics used to obtain the photodissociation crossMethodt Jacobi coordinates were employed to describe the

sections. Section 3 discusses the potential energy surfaced€ltive positions of the three nuclei in the body fixed plaRe;
obtained for the ground and excited states, photodissociation!S the distance between the oxygen and the center of mass of

cross sections, and isotopic fractionation factors, comparing N2 ' i the bond length of the Amolecule, and) is the angle
them with experimental data. Section 4 summarizes our results.Petween the vector® andr. The wave packet is represented
using evenly spaced grids Randr and a Legendre basis set

in cosP). The radial degree of freedom was taken into con-
sideration in choosing the grid parameterblr & 255, Rnin =

Ab Initio MO CI Calculations. CI calculations were 1.0 8y, Rnax = 12.0ap) and (N = 143, rmin = 1.0 &g, rmax =
performed at a similar level to that used by Brown et'aThe 10.0 ap), whereN is the number of grid points ana is the
main difference was that the aug-cc-pVTZ (diffusion-function- Bohr radius. One hundred Legendre functions were used for
augmented, correlation consistent, polarized valence, tElple- the angular coordinate. The absorption potential used in the real
basis set was us&tand that a greater number of active space wave packet propagation is taken as (cf. ref 44x) =
orbitals in the Cl and complete active space self-consistent field exp[—CapdX — Xapd?] fOr X > Xans Wherex = Rorr, Xaps= 8.0
(CASSCF) calculations were used. ag and Cgps = 0.25.

2. Theoretical Methods
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TABLE 1: Spectroscopic Constants o
peciroscop d(v) =22 [ dtexpli(E, + h)URIA®)  (2.2)
thiswork Brownetak HoppeP  expt 3ceh /=
Ruo (A) 1.180 1.185 whereA(t) is the autocorrelation functiork, is the energy of
Run (A) 1.129 1.127 the initial bound state, artwb is the energy of the incident light.
ge ((<e\l\/l)l\|0,deg) 1206017 180.0 In the present work, the photodissociation cross sections were
0 . . .
De (eV) 3610 3.487 3.120 3.785 computed assuming the total angular momentum O (with

the exception of the (0/4,0) state).
aMRCI calculated using augmented correlation consistent valence
double€ (av d) basis set; however, the two-dimensional model was 3. Results and Discussion
used fixing the N distance at the experimental data, ref 2Ref 27.
¢ Ref 43.9Ref 44. Potential Energy Surfaces and Transition Dipole Moment

Functions. Table 1 tabulates the experimental data and the

To simulate the photodissociation process, one must deter-theoretical results for the equilibrium geometry and the dis-
mine the initial wave packet correctly. In the time-dependent Sociation energy in the electronic ground state. Our results are
formulation, the product of the transition dipole moment function in better agreement with the experimental data than previous

with the bound-state initial wave function gives the initial wave theoretical data. The vibrational frequencies for the isotopically
function substituted molecules are listed in Table 2. According to the

accepted convention, we useg, v,, and vz to denote vibra-
@, (Rr,0; t=0)=u(RrO¥, (R0 (2.1) tional quanta for the symmetric stretching (resembling NO
stretching), bending, and anti-symmetric stretching (resembling
NN stretching) modes, respectively. On the other hand, since
the vibrational angular momentuinis expected to be an almost-
good quantum number in the linear molecule, the allowed

the electronicall ited potential r Theref values ofl are connected with the bending quantum number,
on the electronically excited potential energy surface. Therefore, | _ " 5 1 \oreover, the allowed values of

we have ;:alculat_ed th?_lwa\(le fu_nctlons on the_?alectrolznc gzoﬁndthe total angular momentum quantum numbere connected
state surface using a Rami tonian matrix similar to that of the with I, J= |||, ||| 4 1, Therefore, to obtain the initial wave

wave packet propagation; the PES was replaced with that Ofpacket for the (0,1,0) level, we performed the rovibrational
the electronic ground state and the implicitly restarted Lanczos . culation withd = 1. In the table, we indicatél| as a
method in ARPACK? was used to diagonalize the matrix. g ,hersceript on the bending quantum numbefThe theoretical
Acco.rdmg to the Lanczos method, one acts repeatedly with the (a5 its did a remarkably good job of reproducing the changes
Hamiltonian on a vector, for example, that for wave packet i, 7pg found by experiment. The ordering of the fundamental
propagation. This method has been shown to be an eﬁ'c'e“tfrequency of ther; mode is 446> 447 > 546> 448 > 456 >
way of computing a few eigenvalues and corresponding 556 in the calculation, whereas the experimental ordering is
eigenvectors of large, sparse matrices. 446> 456> 546> 556 > 447 > 448. The largest quantitative
After determining the initial wave packet, it was evolved with  difference between theoretical results and the experimental data
time on the excited state potential energy surface, and finally is in thevs fundamental frequencies. However, this is reasonable
the autocorrelation function was computed by numerically from a theoretical point of view because the correlation energy
integrating the product of the initial wave packet and the in our MRCI calculation was not enough to describe the
evolving wave packet at each time step. The total photodisso- potential energy surface, particularly with regards to the N
ciation cross section as a function of excitation energy was bond. Antibonding MOs for Blwere not included in the CAS
calculated as the Fourier transform of the autocorrelation space. All theoretical results underestimate the experimental data
function as a function of time. In Sl units, by AE < 90 cnTl.

whereu(Rr,60) is the transition dipole moment function for the
electronic transition, an®,ound R r,0)is the initial bound state.
The resulting wave functio®ini(Rr,0; t = 0) is propagated

TABLE 2: Vibrational Frequencies in the Ground Electronic State (cm™1)

14N14N160 14N14N17O 14N14N18O
(v1,v2,v9) this work exp this work exp this work exp
(0,2,0) 0.00 0.00 0.00 0.00 0.00 0.00
(0,1%,0) 615.58 588.768 613.04 586.362 610.79 584.225
(0,2,0) 1134.29 1168.%3 1113.85 1095.08
(1,0,0) 1234.99 1284.963 1228.69 1264.704 1223.33 1246.885
0,@,1) 2167.64 2223.757 2163.87 2220.074 2160.37 2216.711
ZPE 2306.76 2343.10 2292.41 2328.75 2279.52 2316.02
AZPE 0.00 0.00 14.35 14.35 27.24 27.08
14N15N160 15N14N160 15N15N160
(ZRZLRTS) this work exp this work exp this work exp
(0,2,0) 0.00 0.00 0.00 0.00 0.00 0.00
(0,24,0) 601.77 575.434 611.98 585.312 598.08 571.8%4
(0,2,0) 1130.75 1119.12 1116.15
(1,0,0) 1208.89 1280.3534 1227.50 1269.892 1201.04 1265.334
0,@,1) 2122.60 2177.657 2146.01 2201.605 2100.20 2154.776
ZPE 2268.12 2304.44 2284.46 2321.06 2245.55 2281.92
AZPE 38.64 38.66 22.30 22.04 61.21 61.18

2 Ref 45. Ref 46.¢ Ref 47.9 Ref 48.
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Our interest in this paper is the photodissociation process
relative to OfD) + N2(5(129+), and the calculation must be
performed within the framework of available computational
resources. In this sense, we had to keep the active space smaller
than the full active space, especially for [Wond-breaking;
the 124 orbital characterized by NN* and NO ¢* bonds,
o*nN T 0%Nno was not included in the active space of the
CASSCF and MRCI calculations. This restriction could lead to
an underestimation of the; fundamental frequencies. Regarding
the order of the; fundamental frequencies, the effect is due to
the mixing of the NO and NN stretching modes because’the
and vz modes have some character of the NO stretching and
NN stretching modes, respectively. However, in the case of an
almost evenly mass-weighted system likgd\these two modes
are mixed, as in C® The modes resemble almost symmetric
and almost anti-symmetric stretching motions. Thus, the theo-
retical vz fundamental frequencies came to be smaller than the
corresponding experimental frequencies and the order of the
sequence for the; mode was simultaneously affected.

Figure 1a shows the potential energy curves as a function of
Jacobi coordinateR at a fixed N bond distance = 1.13 A
and Jacobi coordinate angle= 0.0° (i.e., linear). In all of our
potential energy figures, the energy zero is taken to be the
minimum energy of the electronic ground state. There are three
electronic states,'E™, 11, and A, correlated with the GD)
+ N2(5(12;) asymptote inC.,, symmetry. 1=+ is the ground
state, while the first excited state i$='. Moreover, the 1A
state closely resembles thé>T state. The vertical excitation
energy between'E~ and 1=* is To = 6.81 eV, whileT(1'A—
13%) is 6.97 eV. These values are somewhat lower than the
values obtained by Brown and co-workers (see Table 2 of ref
21). As clearly seen in the figure, both th&1 and the I
surfaces cross!A at aboutR = 2.0 A. Once the molecule
becomes slightly bent, these crossings are avoided due to
Neumann-Wigner's non-crossing rule, resulting in conical
intersections. Thus bending distortion on both Ag*A) and
A'(11=7) surfaces leads to prompt adiabatic dissociation into
O(D) + N2(5<12;) via A'(111T) and A" (11T1). These features
are quite similar to the isovalent-electronic system, OTS.

Figure 1b shows the potential energy curves versugth
R = 1.8 A andr = 1.13 A. The RennerTeller pair of A
splits into the 2A" and ZA" states, and an avoided curve
crossing between the two lowest states is clearly seen to be
present. In addition, as discussed in ref 21, there is evidence
that the avoided crossing becomes a seam of interaction at
around & = 50.C because it holds even for the various
geometries which allovR andr to relax; that isR € [1.0, 1.2,
1.4,15,1.6, 1.7, 1.8, 2.0, 2.2, 2.4] A anc:[0.8, 1.0, 1.13,
1.2,1.3,1.4,1.5,1.6, 1.8, 2.0] A. Thus, a non-symmetry-related
conical intersection could be located at around the bent
geometry. Excitation onto the lower-lyingA" and 2ZA' states
is responsible for the first broad absorption band observed in
the UV region.

Figure 1c shows the transition dipole moment functions for
the A" —11A" and 2A'—1A’ transitions as a function @fwith
R= 1.8 A andr = 1.13 A. Both of the dipole moments are
zero in the linear geometry and are strongly angle dependent.
The two dips at arounél = 50.C° are due to the strong variation
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of the characters of the CI (i.e., the coefficients of CSFs or the Figure 1. Potential energy curves in the ground and low-lying

avoided crossing between the twbstates). In contrast, no dip
is observed for the A" —11A’ transition.

electronically excited states, and transition dipole moments between
the ground state and the low-lying excited states: (a) potentials as a

: . function of R, with r = 1.13 A andd = 0.%° (i.e., linear NO); (b)
The main features of the calculated potential resemble the yytentials as a function of, with R = 1.8 A andr = 1.13 A (c)

results obtained by Brown and co-workers, with the exception transition dipole moments as a functiontyfwith R= 1.8 A andr =
of the quantitative energetics. As discussed in the next section,1.13 A.
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Figure 2. Theoretical and experimental photoabsorption spectra for E
1N4N160. Cross section units are émolecule’: dependence of the 2
cross section on the initial vibrational state in the electronic ground 100 1#N1INTO
state; comparison with the experimental data of ref 12 at 283 K. — a1y EG
145115716,
. .. -——= "N°N"0
the newly generated 3D potential surfaces and transiton |  _____ 1514180
functions are used to calculate the theoretical photodissociation 150 e 1518180
cross sections. —— Linear regression
Photodissociation Cross Sections he calculated photodis-
sociation cross sections f#IN4N0 are shown in Figure 2a,b.
Figure 2a shows the dependence on the initial vibrational state 200
in the electronic ground state. It_is clearly seen that thektom 180 190 200
state has the largest cross section at around 190 nm relative to Wavelength (nm)

the other states and that the Cross se(_:tlons_ at IQnger Wayel_ength,gigure 3. Theoretical isotopic fractionation constants for 447, 448,
(~215 nm) become larger with bending vibrational excitation, 456 546, and 556 at (a) 283 and (b) 233 K.

leading to the well-known temperature dependence on the red

shoulder of the peak due to vibrational hot bahths:181t is measured at 283 K, the temperature for the Boltzmann average
interesting to note that the contribution of the €1Q) state is is chosen to be 283 K The theoretical results are in good
predicted to be larger than that of the () state on the low  agreement with the newest experimental data, with the exception
energy side, although this was not clear in the previous Wrk. of some error in the low energy region. We believe that this
Figure 2b shows the Boltzmann-averaged spectrum at 283 K.does not represent a serious problem for our purpose, and it is
Vibrational states up to five levels from the zero point vibrational certainly possible that with more accurate ab initio calculations
state are taken into account. To reduce the size of the calculationthe error could be fixed. The position of the absorption
the angular momentum of the initial and scattering states was maximum matches the experimental value, confirming improved
taken to be zero. As discussed by Offer and Balint-Kurti, this values for the energies of the excited surface; in contrast, the
may effect predictions regarding the final distribution of 2D theoretical spectrum was offset by 3 nm relative to the
rotational states in the Nfragment®® however, the effect on  experimental value.

the absolute cross section is not likely to be significant. Since  Comparison to Experimental Fractionation Constants.

in the newest experiments the absorption spectrum has beerFigure 3 shows the theoretical fractionation constaifalso
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180 regression; polynomial fitting with up to quartic functions was
used. The effect of the fitting was to smooth features in the
calculated spectra that were finer than ca. 3 nm.

Figure 5 shows the fractionation constants for the 456, 546,
and 556 analogues at 283 and 233 K compared to experidfents,
the ZPE model! the HP modet® and the recent model of Blake
et al?* The agreement for these three isotopically substituted
species is satisfactory; however, the calculated fractionation
factor drops rapidly in the long wavelength region as compared
to the experimental data. This is a consequence of the decrease
in the underlying cross sections in the long wavelength region,
as shown in Figure 2b. The solution undoubtedly lies in more
accurate ab initio calculations for determining the global PESs
although that was not possible in this study. It is interesting to
note that the calculations do not predict so-called mass
independent fractionation of thEO and 180 isotopologues
through photolysi$:’® The average fractionation factor of 447
shown in Figure 3 between 197 and 207 nm is 0.517 that of
448, fully in line with “mass-dependent” fractionation.

Figure 5 shows the fractionation constants of the nitrogen
isotopically substituted species as a function of wavelength at
283 and 233 K, compared to theory and experiment. In general
a curved fractionation constant is predicted, being largest at high
energies and dropping rapidly at longer wavelengths. The size
of the fractionation constant increases with decreasing temper-
ature. As noted previously, the calculated absolute cross section
(cf. Figure 2b) drops below the experimental value; accurate at
wheregij is the cross section of a given isotopically substituted 200 nm, by 210 nm the calculated values correspond to the
species. The large negative value at longer wavelengths indicatessxperimental values at 220 nm. This is a challenging spectral
the strong potential for isotopic fractionation in the stratosphere, region; at 220 nm the cross section is only 1% of the maximum.
which occurs in the “UV window” between ca. 197 and 210 Comparison of this excitation energy (220 m5.6 eV) with
nm! The 556 isotopically substituted species shows the the cuts through the potential energy surfaces shown in Figure
strongest fractionation constant of all of the candidates, and theia,b shows that the transition in this region involves coupling
order of the constants is consistent with the experimental data.to continuum states that are distant from the geometry of the
The fractionation constant for 447 is roughly half that of 448. ground-state vibrational wave function. While the error could
Comparing the equal-mass isotopomers 456 and 546, the modebe due to the quality of the PES, other factors will also play a
predicts qualitatively similar fractionations with a surge around role. The wave packet recurrence is exaggerated due to the local
205 nm, quickly falling off to longer wavelengths. The minimum of the 2A’ state linked to the conical intersection;
temperature dependence of the fractionation constants can behe wave packet could be trapped by the local minimum around
seen by comparing Figure 3a (283 K) with Figure 3b (233 K). R=3.5a,andf = 40°, which is shown in Figure 4. Therefore,
Larger fractionation constants are seen at lower temperdftd®s.  the strong resonances around 220 nm could be removed by
As seen in the figures, there are strong fluctuations, especiallyincluding the nonadiabatic transition around the local minimum
in the lower energy region. This is because the wave packetsince the minimum is located around 5.0 eV. On the other hand,
recurrence predicted by theory is slightly stronger than in the this recurrence is what gives rise to the Feschbach resonance.
real system. As seen in Figure 4, there is a small local minimum |t is interesting to compare the results for the equal-mass
in the bent geometry which is & = 3.5a, and¢ = 40° and species 456 and 546. According to the calculation, the photo-
14C°. The minimum occurs at around 5.0 eV (248 nm), and a dissociation dynamics lead to a fractionation constant for 546
part of the wave packet is trapped in this region, leading to the that is less than half that of 456. The results presented here
observed structure. This phenomena also occurs in the Hartleyimprove upon the calculations performed on the 2D potential
band of Q! Spectral analysis was used too analyze the energy surface, especially in the stratospheric UV window region
structure more preciseff. The wave function associated with  around 205 nm. Significantly, the “bump” in the 2D results for
the peak energy of the observed structure could be found by546 has disappeared, confirming the effect of the frozen N
re-computing the wave packet propagations and accumulatingdegree of freedom on the 2D calculations. The calculated
the sum of the wave packet with a window function after fractionation constants are high by-120%. in the high energy
computing the photo-absorption spectra. The wave function region. It is seen that the time-independent semi-empirical model

140t

100+

0 (Degrees)

60+t

20+

3.0 4.0 5.0

R(a)
Figure 4. Plot of a Feschbach resonance occurring at an excitation
energy of 53 815 cmt (wavelength 185.82 nm).

10 2.0

called the enrichment factor), which is defined by

__ Oik

corresponding to one of the peakskat= 185.82 nm is shown
in Figure 4. Note that we have set= 2.44a in this figure. It
is clearly seen that the wave function is localized aroRr

does a good job of predicting the observed experimental
fractionation constants. Note that improved semi-empirical
wavelength-dependent fractionation constants have recently been

3.5a andf = 20°. This is a Feschbach type resonance in which published®?

the energy is temporarily trapped in a transverse bending motion  |n the time-dependent formulatighthere is the possibility
against the dissociation path. However, the structure estimatedfor rich dynamical behavior, including Feschbach resonances,
by our theory is stronger than that of the experiment, probably as shown in Figure 4. In the case illustrated, occurring at the
because of limitations in the potential energy surface. This error, maximum of the absorption curve, there is a resonance between
which is not overly pronounced in Figure 2, is amplified by eq  the dissociation path and bending motfhe lifetime of the

3.1. Therefore, we have chosen to smooth the data using linearexcited state is indicated in Figure 6, which presents the flux
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Figure 5. Comparison of the predicted fractionation constants with experiment fdfthand!®N analogue$:1853and theory:20.2324(a) 456 at
283 K. (b) 546 at 283 K. (c) 556 at 283 K. (d) 456 at 233 K. (e) 546 at 233 K. (f) 556 at 233 K.

leaving the computational grid as a function of time. There is
a bimodal distribution with a fast component with maximum at
ca. 25 fs and a slower component with a lifetime of hundreds
of fs with a maximum at ca. 70 fs. The three vibrational
frequencies (cf. Table 2) correspond to periods of 27, 54, and

15 fs, respectively.

components that are direct, and components that are indirect. 0.01

Thus the photodissociation afONhas

This is seen in the experimental spectrum that displays fine
structure superimposed on a broad shifted Gaussian continuum. 0

The rotational distributions of the Nragment are shown in
Figure 7. One interesting result is that the predicted slight Figure 6. Plot of the population flux leaving the computational grid
bimodal distribution in photodissociation from the 0,0,0 state as a function of time, taken & = 4.0 A.

0.06

0.05}
0.04

3

2 0.03

0.02

0.00

100 200 300 400 500 600 700 800 900

Time (fsec.)

1000



8912 J. Phys.

Populations

Populations

Populations

Populations

Figure 7. N, rotational distributions as calculated by the model. (a)
Rotational quantum number of the, fkagment originating from 446
isotopically substituted species < 0). (b) Rotational quantum number
of the N, fragment originating from 446 isotopically substituted species
(v =1). (c) Rotational quantum number of the fkagment originating
from 456 isotopically substituted species € 0). (d) Rotational
quantum number of the Nragment originating from 546 isotopically
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of 446 grows significantly in 456 and 546. Another is that the
degree of rotational excitation grows from 546 to 456; this may
be connected with the slightly larger bending excursion of the
456 isotopomer. The predicted rotational distributions match
the experimental values very wéf;32 however, it is likely that
the inclusion of rotational selection rules and a Boltzmann
distribution of initial rotational states would change the results
of the calculatior??

4. Concluding Remarks

We determined global ab initio potential energy surfaces for
ground =" (11A), 1'A” and 2A' electronically excited states.
We also determined the transition dipole moment surfaces
between the ground and excited states. Using wave packet
propagation, the dynamics using the new global PESs and
transition dipole moment surfaces provided new information
concerning the photodissociation cross sections of six isotopi-
cally substituted BO species. The theoretical isotopic fraction-
ation factors are in reasonable agreement with recently obtained
experimental data. Moreover our results were able to “close the
gap” between the ZPE model, the 2D propagation work, and
experimental data. Of particular interest was the discovery of
the contribution of the vibrational (1°@) state (like (0,20)),
particularly around 205 nm. It should be noted that our surfaces,
while generated at a relatively high level of ab initio theory,
were still not accurate enough and provided only qualitative
agreement with the experimental data. Soon, it is hoped that
more accurate PESs will help give us a complete understanding
the effect of isotopic substitution on photolysis cross section.
In sum, isotope effects are a demanding test of the veracity of
theoretical models. Current time-dependent techniques are able
to predict the effect of isotopic substitution on absorption cross
sections to an accuracy of a few percent.
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