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Molecular beam study of the chemiluminescent reaction of manganese
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The electronically chemiluminescent reaction M@;— MnO*+ O, was investigated using a
beam-gas configuration. Light from the Mn®©®="—X 637 transition was collected by a charge
coupled devicgCCD) array detector with resolutions of 0.5 and 0.1 nm. The spectrum at lower
resolution (500—-655 nm encompassed thav=—3 to +2 sequences, while that at higher
resolution (555.5-583.5 nmencompassed only thAv=0 sequence. These two spectra were
separately fitted with a nonlinear least-squares program to obtain vibrational and rotational
distributions of the nascent MriO The limited vibrational-state coverage of the higher-resolution
spectrum made it unrealiable for determining the vibrational state distribution, and it was useful
only for characterizing the rotational distribution wheh=0. The best-fit vibrational excitation is
somewhat less than for the Prior model, but the rotational excitation is considerably greater. A
consideration of the electronic structure of reactants and products indicates that principal changes
occurring in the chemiluminescent reaction areelectron donation from thed,> hybridized Mn

orbital to the Q lowest unoccupied molecular orbitdlUMO) (2b,) and7—electron backdonation

from the O—0O 4, orbital to the Mn 31 orbital. Correlation of the orbitals involved indicates that
direct access is allowed to the MnO®S * (100* 18¢?) state. This mechanism favors Mn approach
perpendicular to the £plane and suggests that the product’s rotational excitation may originate in
O,—OMn repulsion arising from removal of electron density from the slightly bondimgatbital

of O;. However, some rotational excitation could also be attributed to conservation of angular
momentum arising from a sizable reactive impact parameter. The lack of significant vibrational
excitation is a consequence of the short-range nature of the partial charge transfer in this reaction
channel. ©2000 American Institute of Physid$$0021-9606)0)01204-4

I. INTRODUCTION collided with the oxidizing gas under single-collision condi-

The chemistry of transition metal compounds is mosttions. The details of the elementary reaction step, which in
frequently studied and utilized in condensed phases wheridis case was formation of electronically excited MnO, could
the transition metal is encumbered with ligands. Although &€ inferred by analyzing the emission spectrum. Further in-
detailed understanding of reaction pathways is critical in desight could be gained by studying the process as a function
veloping catalysts and dealing with many enzymatic reacof collision energy. This study did not concern MnO forma-
tions, prospects for accura# initio calculations of stable tion in the ground electronic state, which may be the pre-
species or reaction intermediates in these environments r@gominant reaction.
main dim, particularly because of the extra challenges of |t js essential in this type of dynamics study to have the
dealing with unpaireaﬂ-elec'trons anq relativistic effects'. S0, spectroscopy of the observed molecules well understood at
the fairly recent surge of interest in gas-phase reactions ghe gutset. Like most transition metal diatomics, MnO has
free transition metal atoms and ions by experimentalists an any possible electronic states and a history of disputed as-

theorists alike can be thought of as providing a basis forsignments. By 1975 though, theA—X transition which we

eventually handling more practical chemistry in solutions or bt Bt
at gas/surface interfaces, rather than a movement to malp ve observed was well-accepted’as —"2 7, and can be

catalytic chemistry practical in the gas phase. Previous workinderstood as arising from a charge transfer between the
on reactions which form transition metal oxides has concent0c* and & molecular orbitals, which make use of
trated on the early groups, which form very strong monox-Sdzz-hybrid orbital$™ of Mn and the 3, orbital of O. The
ides. For the middle groups, the monoxide bond is oftervalues of the spectroscopic constants needed for a computer
weaker than the dioxygen bond, and we turn to ozone as asimulation of the spectrum are given in Table |. The boldface
oxidizing gas since it has a very weak-6D bond strength parameters form a consistent set which was used in the
of 1.1 eV, and offers the potential of forming metal dioxides simulation.

in a single step. As in our previous work, a high-temperature  The current work appears to be the first report of Mn
oven was used to generate an effusive metal beam, whigfzacting with ozone under single-collision conditions. Gole
and co-workers did report emission spectra of Mn clusters
dElectronic mail: parson.2@osu.edu with ozone under multiple-collision conditiofi$,where Mn
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TABLE I. Summary of MnO spectroscopic constants. The liquid-nitrogen-cooled, front-illuminated 115256
Spectroscopic pixel CCD array (Princeton Instruments model LN/CCD-
MnO constant A St X 65+ 1152-UV) was used to obtain the raw spectra. This model is
- coated with a UV-vis converting material to extend the ef-
Electronic  Te, cm™ 17949 0 fective range of detection down to 180 nm. The CCD array
17 943 : .
17 894 was installed so that the CL was dispersed across the 1152
DS eV 3.78 (calo) 3.70 pixel width for maximum resolution. On-chip binning was
3.82 performed along the 256 pixel width for lower readout noise.
Vibrational ., cm 762.8 839 .60 Initial processing of the spectra included filtering to re-
weXe, CM L 9.6 4,79 move spurious peaks, eliminating the background and cali-
®eye, cm 0.06' brating both the wavelength and the relative intensity
Rotational ~ B,, cm™* 0.39¢} 0.438 Adjacent frames were overlapped so that they could be
0.465% ] 0.50 328 scaled to agree in the regions of overlap. Spurious peaks
I 8:32386?5 ¢=1) 0.00 408+ arose principally from cosmic rays and were removed with a
R:: A 1868 1,764 derivative filter supplied by the manufacturer. By averaging
1.710? 1.6458 multiple scans of the same spectral region after removing the
Distorion D, cm 2.04x10-% 7 9% 10-™ cosmic rays, the signal-to-noise ratio was improved. The
Be, cmt 6.0x10~% background signal arising from oven light and readout bias
Spin—spin  \, cm ™! 0 066 was subtracted from the total signal for each pixel. CCD
0.4% 112 pixel number was calibrated against the known positions of
-0.1% 0.57 atomic lines emitted by a mercury lamp, according to meth-
. -0.104 =1)" 0574 (=0)¢ ods previously givef! The spectrum was corrected for spec-
¥, cm —0.002% , —ooois tral response by measuring the output of a standard quartz—
0.0017 ¢=1) -0.008
~0.0024 (/=0)¢ halogen lamp(for wavelengths longer than 400 nrAfter

these steps were taken, the best approximation of the true
%rom Ref. 10. This reference citd33 from b and e, and spectroscopic spectrum was input into a simulation program.

constants from Ref. 29. A separate time-of-flight(TOF) collision chamber,
Reference B2. hich has been described earitér2 d to obtain th
‘Reference 83. This value was used for calculating the reaction exothermic Ich has been descn e earfier, was use tQ obtain t e
ity. dependence of the CL signal on the Mn velocity. A rotating
‘Reference 84. slotted wheel provided Mn pulses of 24s duration. The
beam flight path was 18.3 cm and the region of observed CL

was 1 cm long, inside of a liquid-nitrogen-cooled cell con-

and its clusters were entrained in the inert gas. Levy anghining the ozone. Cooling the ozone served to narrow the

co-wquers observed ghemllumlnescent reagc;[(l)ons of Iaserr'ange of relative collision velocities for each Mn velocity
vaporized Mn atoms with }O (Ref. § and G,™""at much sampled. The Mn source temperature was chosen to be low

higher collision energies than were used in this study. The}énough(lZ?O K, yielding 14 mToirto assure that the ve-
concentrated on the collision-energy dependence of the crogg;, distribution was Maxwellian. The ozone pressure in
section, rather than the spectrum of the products. the cell was approximately 0.5 mTorr. TOF curves were

simulated using various forms for the collision energy de-
Il. EXPERIMENTAL APPARATUS AND PROCEDURES pendence of the CL cross section having adjustable param-

The apparatus and techniques used to produce the Spe%t_ers. The simulations, which were fit to the experimental
tra and reagent ozone have been previously described in dgpegtra with a n(')nlllnealr Ieast-sqgares routinesed the
tail elsewheré2 Manganese atoms were vaporized from arelatlve velocity distributions resulting from the ozone and

tantalum crucible at oven temperatures around 1253.K Mn Maxwell-Boltzmann velocity dis'_[ribut_ioﬁg and also
mTorr Mn). A commercial ozonatofOzoteq model 250 accounted for the t_emporal and spatial widths of the beam
was used to generate a flow of ozone from dry Since pulse and observation zone.

pure ozone was needed, this flow was introduced into a glass

flask cooled in a dry ice/isopropanol bath, where the ozone

was selectively adsorbed to freshly dried silica gel. When

sufficient ozone had accumulated, thew@as pumped away,

and ozone was leaked through a glass/Teflon needle valv“e!' SPECTRAL SIMULATIONS
into the vacuum chamber. Ozone pressures were typically
maintained at about 0.2 mTorr.

The green chemiluminescen@L) was recorded in first
order with a 0.75 m scanning monochromatSpex model ) S
1702 equipped with either a 300 or 1200 lines/mm grating  '(I,f)=hvi_{N(AG,f), @
which had been converted in-house to a polychromator with
a CCD detector replacing the exit slit. The widths of thewhere the Einsteiri-coefficientA(i,f) and the line strength
entrance slit used were, respectively, 0.125 and 0.100 mm.S(i,f) are defined in Eq(2):

As its source, the intensity of a spectral line emitted
from leveli to level f is'’
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647413 . R Since the transition is betweeh states, it is reasonable
AGlL )= ——=> > [(m|P|m)|? to assume that in the rotating molecule, for low rotational
3h Mi M speeds, wave functions are well-represented as pure Hund'’s
43 case(b): |ev)|ASZ;QQIM). [In this case the main rotational
—— g, f). 2) energy is given by the rigid rotor expression in terms of the
3h rotational quantum numbéi: B, N(N+1), whereB,,, was

~ . ' parametrized aB.— a(v' +1/2).]
P is the electric dipole, andm;| and |my) are the wave For a given level of =", case(b) basis functions for

functions for the initial and final states, respectively. rotational subleveldaccording to the conventiéh?® that
To gain information on the detailed reactive cross sec-

tion, the source intensity for CL must be expressed in termgiz{n}ng‘] \Z‘;uelz c(ol\zrfs5|7§)nd7: t?NT% /.|2‘5;V5||1:(J(r’r\11a£]1 /z;;e
of the reactive flux for formation of staie F(i). Assuming | . ! P2 P8y ’

) ; : ) F4(N—1/2), F5(N—3/2), F§(N—5/2). The rotating part of
statei achieves a steady-state concentration, the reactive ﬂ“fﬁe molecule’s basis set functions will then @cording to
of formation ofi will then be the same as the net flux iof g

being lost from the detector. The main pracesses throug onventioR® of listing in order of decreasing energy at large

which statel can be lost are byi) radiative relaxation to any )

lower state,(ii) diffusion out of the detection volume, and F3(N+1/2)=[0" 5/2N=J-1/2],M),
(iii ) collisional deactivatiort® The experiment was done un- Fa(N=1/2=|0% 5/2N=J+1/2J,M),
der single-collision conditions, making collisional deactiva-

tion improbable. The rate for diffusion out of the detection ~ F2(N+3/2=[0" 52N=J-3/2J,M),
volume is at least one order of magnitude slowerrgt/ Fs(N—3/2)=|0",5/2N=J+3/2J,M),
<10° s1) than the radiation rate (#4;=10" s %). Con- N

sequently, the net flux dfbeing lost can be approximated by F1(N+5/2)=|07,5/2N=J-5/2J,M),
the radiative flux out of bright stateto all possible dark Fe(N—5/2)=|0%,5/2N=J+5/2],M).

19 ; H
statesf, ™ i.e., by the CL from state, The e andf parity eigenfunctions are then generated as the

N(i) sum and difference, respectively, of the=J+n/2 pair of
le(i)=—=2 hw_A(i,f). (3)  basis functiong®?’ Figure 1 shows these as an energy level
9 f diagram with the allowed transitions between them. Vibra-

Several further assumptions were made concerning th#onal energy was approximated by the harmonic oscillator
flux out of the nascent chemiluminescent level. The flux de-expression with mechanical anharmonicity added as the cus-
pends on the populations in the nascent chemiluminesceit@mary perturbation, through they, term.
level characterized by both the vibrational and rotational ~ Since, in the higher resolution of the two spectra ob-
guantum numbers. This is represented Byv’,J’). To tained, there appeared to be evidence of some resolution of
make this distribution of states more manageable, we firstotational structure, it was considered important to have
made the approximation that this joint rovibrational distribu- more precise line positions. Consequently, several additional
tion, P(v',J’), is composed of two distinct, independent perturbations to the energy were added. The high multiplicity
distributions?° the vibrational distributiorP(v’) and the ro- ~ of the term suggested that spin-coupling interactions should
tational distributionP,,,(J'). In other words! also be important. So, this coupling was included via the use

. - , , of the dipolar spin—spirfA) and electron spin—rotatiofty)

N(i)=P(v’,J)=P(V)Py(J7), ) coupling constants.
where P(v’) and P,,(J’) are normalized ovev’ andJ’, Analytic expressions for matrix elements were given in
respectively. Second, due to the large number of degrees dfie work by Gordon and Meréf. These were used to set up
freedom and to avoid scatter in the calculated distributféns, a matrix representing the perturbing interactions of electron
these separate populations were approximated by flexiblepin—spin and spin—rotation coupling, which was then nu-
parametric functions. Several different functional modelsmerically diagonalized to obtain perturbation energies for a
were examined. The actual forms used to achieve the best fiiven N, for each of its sixJ sublevels. The matrix and its

will be presented later, along with the results. elements are listed below:
|
a(N—2J)—E(N—-2)) B(N,J) 0
B(N,J) a(N,J)—E(N,J) ¥(N,J) :
0 v(N,J) a(N+2J)—E(N+2J)
where

Y \/(N+J+%)(N+J+%)(N+J—%)(N+J—%)(N—J+%)(N—J+§)(J—N+§)(J—N+§)

AN.D=3 (2N—1)%(2N+1)(2N—3) ’ ©
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v(N,J)=B(N+2J). (6)

This gives, specifically,

5 —10A 3 5
I=N+5: alNJ)=—3 (1—2N+3)+2yN,
3 2\ 27 |\ 1
J:N+§: a(N,J)=? 1+2N+3)+2’y(3|\|_5),
1 2\ 27 15 1
I=N+ 3 a(N,J)=3(4+2N+3— )5 Y(N-8),
1 2\ 27 15 1
I=N=3 a(N’J):3(4_2N—1+2N+3 —Y(NT9),

_N3_ N_Z)\l 27)13N8
IEN7 alND)= 5| Imon—g ) 72 YBN+8),

I=N-2: NJ—_lo)\(lJr S VNS

[

Accurately simulating the CL spectrum of the MnO strength(Franck—Condon factor or FG¥ and the rotational
A 63 T_X 637 transition was complicated by the commonly line strength (Honl-London factot). Rotational line
acknowledged perturbations in the upper electronic state. Astrengths were calculated using the analytic expressions
Gordon and Merer saitf “ ... MnO provides an example given in Kovas’ monograpi*°Having no information on
of where just about all the problems that can occur in aher dependenc® of the electronic transition moment, we
diatomic molecule are present.” had to assume that it was the same for all the vibronic tran-
The transition moment was factoréd® into a product sitions. FCFs were obtained using rotationless, numerical
of the electronic transition moment, the vibronic bandRydberg—Klein—ReeéRKR) potentials’ for both the upper

’ J’
) ACs*
F’(e)—A M11//22
F.(f) AAA N+
F:(e) AARAAA N +3/2
N Fs(f) AA AA A N-372
Fy{(e) N+ 52
Fe(f) AAAA N-52
EEERIEREEERE RS EERERERERER R
N” ‘E-SLO 0‘5‘9 o } “9& a 3 @ (e o (& o a |a o (&
B+ J”
Fs(e) A 4 2 4 X% N+ 372
F () ¥ N+1/72
Fy(e) N +5/2
N+1 26 h 4 N-172
F,(e) YN+
F;Ef)} Y N-372
Fa(e) N+1/2
F(f) - N-1/2
N F,(e)- N+ 372
Fs(f) N - 3/2
F,(e) N+ 572
Fe(f) N- 572
F.(e) Y h 4 VV v—N-172
Fo(f) N-3/2
Fa (e} A 4 v N+12
N-1 F:(f) v N - 5/2
F,(e) v N + 3/2
Fg(f) N-772

FIG. 1. Expected rotational transitions for Hund's céiseMnO A 627 —X 63+,
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of the experimental spectrum, at each binned wavelength is
summed over all binned wavelengths in the full experimental
spectrum and minimized. It is the square root of this normal-
ized sum of squares, i.e., chi-squared with uniform error, that
is used as the figure of merit function to assess goodness of
fit. Four adjustable parameters used to represent the vibra-
tional and rotational distributions are described in Sec. IV.
The LMDIF family of subroutines® from the public domain
nonlinear fitting packag®iNPACK,*® was used to implement
the minimization. This subset uses the Levenberg—
Marquardt method to search for the minimum. More details
are given elsewher€.

Once the equations describing the populations are speci-
fied, i.e., the best-fit values have been found, the deviation
from the statisticalPrior) population, i.e., the Surprisal, can
be determined, using information thedf7** The Prior
population forM, J states in one of two diatomic molecules
formed in an atom—triatom reaction is proportionaBg ..

IV. RESULTS

Spectra at two different resolutions were used—>5.5 and
1.1 A effective bandwidth. In the following discussion, the
spectra taken with the 300 lines/mm grating and 0.125 mm
entrance slit will be referred to as “low” resolutiofs.5 A
effective bandwidth In contrast, those taken with the 1200
lines/mm grating and 0.100 mm entrance @litl A effective
bandwidth are “high” resolution. The spectra resulting
from ozone reactions of Mn at the low-resolution best-fit

FIG. 2. Rotationless Klein—Dunham potential energy curves used to genervalues and those predicted from the Prior populations are

ate FCFs.

and lower electronic statgsee Fig. 2 Energy constraints
imposed on the simulation are given in Table Il. Energy
available for MnO was computed from the sum of the reac
tion exothermicity and the reactants’ average relative tran
lational and internal energies. The simulation did not use

reactant energy distribution as input.

The square of the difference between the experimentatl
. : L . al
intensity and the theoretical intensity,

TABLE Il. Energy constraints imposed on the spectral fit of M.

S-
a

normalized to the area

shown in Fig. 3(low resolutior) and Fig. 4(high resolution.
Both spectra were fitted individually to get best-fit pa-
rameters. The two sets of best-fit parameters were signifi-
cantly different. The low-resolution parameters gave the bet-
ter fits when used to fit both the low- and high-resolution

spectra than did those obtained from the fit of the high-
resolution spectrum. In the following discussion, “best-fit
Spectra” refers to those spectra obtained using the low-
resolution best-fit parameter values. This implies that to ob-
in the most accurate fit it is necessary to include more than
one vibronic sequence in the spectral region scanned.
Although the best-fit spectrum generally reproduces the
main features of the experimental spectriwhose rough
profile agrees with that established in the spectroscopic

Values works of Das Sarnfd and JosHP), it is readily observed

Parameter [eV] [cm™1] (K] that, unlike the experimental, the simulated spectrum has
57 (0r-0) o5 sqmewhat pronounced'he.a.ds near the 0-0 and 0-1 band
D§(X g2+ Mn—0) 382 origins. A plot of the significant energy normalized FCFs
—AHS 2.77 against the experimental spectrisee Fig. 3 demonstrates
Tozone 293 that no other significant vibronic transitions are expected in
Twmn 1253 these regions.
Erans 773.6 We attribute this disagreement to the fact that we are
E:;ZZZZ"; 3%‘:"5 attempting to use spectroscopic constants to model the entire

aReference 85.
PReference 83.

spectrum. It is well-known that the’' =0 level of MnO
A 83 is significantly perturbe@ The principal perturba-
tion is ascribed to a high vibrational level'(=25) of the

‘The relative translational energy of the reactants was calculatés},.as . .
round electronic state and is close to Hund's eOne
= (3/2)Kg T effective Where Tereciive= (mMnTO3+ mosTMn)/mtotaI- 9 daﬁ

dyibrational excitation of ozone was neglected because less than 5% of th§10ught would be to model the CL using two 9|ECtr_0niC
molecules were excited. states as the upper state, thé>* state and the perturbing
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FIG. 3. Upper panel: low-resolution CL spectra—Prioppe), best-fit(middle), and experimentallower); lower panel: energy-normalized FCFs.

higher vibrational levels o 6=*. However, upon closer spectrum are presented in Table Ill. Populations are built on
examinations, one realizes that this would only allow furtherthe Prior distributions and parametrized as follows:
degradation to the red, and not to the blue as needed. Con-

. o 9
sequently, we chose to ignore this discrepancy between P(V',N'):PO(V',N')eXP()\rotlgN/,v'+7\rot29Nr,\,r),

simulated and experimental spectra. (7)
The main new features evident in the high-resolution
experimental spectrum are the appearance of two sharp peaks P(v')=P°(v")exp Ay fur + Ny £2 ) )
viby ' v’ viby 'y 1/

(around 5666.6 and 5730.0)ANone of the fits was able to
reproduce the position of these two peaks. Initially, it was

o ! ! o ! 1 H H 1 H
thought that they might be due to a selective enhancement (ﬁhereP (v t":I ) ;md Ptév ). ar? f[he Pr!?f d'smbl;ﬂo?fhm
a specific rotational or vibrational transition. A comparison € upper state. From the simufations, 1t1s seen that the na-

of the experimental spectrum against the energy—normalizeécem product is rotationally hot compared to the Prior distri-
u

FCFs (see Fig. 4 demonstrated that no band heads were t'%ns’ ?tUt nfo:hwb_lr_fél)tl'(:)nally hotter. ; h in Fia. 8
found to be very near to these positions. However, close h esults o ; Ie - measuremendstarf[ehs t?w?fl'? 'Ig.l ’
inspection of the experimental spectrum shows, in places, € expenimental points are compared to the best-fit simuia-

doubling which appears to smoothly vary in separation Witht|on based on a collision-energy dependence of the cross sec-

wavelength. This suggests to us that the two sharp peal&on presented by Gonzalez Ul *“which he attributes to

probably arise from constructive interference of the overlap—a microcanonical transition state thediyTST)

ping P and R branches in the band, i.e., as the contribution n
from each branch comes in and out of phase, and so cannot __ (E-Vo)

! o=C .
be attributed to any two specific rotational transitidsse E
Fig. 5.

We have obtained two different sets of populations, usThe barrierV, from the fit was 0.364 kJ mot, and the

ing the low- and high-resolution spectra. For reasons indiexponentn was 0.709. A somewhat poorer fit was obtained
cated earlier, the populations reported here are those from thesing o proportional toE", and in that case the exponemt
low-resolution spectrum. The vibrational populations and thevas —0.239. Figure 9 compares these two forms for the
Surprisal plots are shown in Fig. 6. The rotational popula-cross section, and shows that their shapes are nearly the same
tions and their respective Surprisals obtainedvb=0 are  over the region of collision energy to which the experiment
shown in Fig. 7. Best-fit parameters for the low-resolutionwas sensitive.

C)
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V. DISCUSSION is light relative to the atoms in the product molecule, i.e., a
reaction of the typeH+LH—L+HH. Although the

Since the results for energy disposal in MnO display . . . :
marked deviations from the Prior model expectations, WeMn.JrO?’_)MnQJFOZ FeaC“O” doe_s not_satlsfy th'$ mass cri-
rion well, kinematics could still be important if dynamic

. . . . . e
look to kinematic or dynamic constraints as possible cause%.

Kinematic constraints are dictated by the masses, velocitiegF? nstriuntls zliretweak. D);_na_mLC eﬁ?CtS S rltse n gtineral I_rolm
and extent of a critical configuration that couples reactanté € aclual electromagnetic interaction between he particies

and products. They may dominate when the departing grou roughout the course of a collision. They will be important
the potential energy surface exhibits rapid energy changes,

which can be thought of as providing impulsive forces on the

£ particles that constrain the way energy is released into prod-
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ucts or required in reactants. A commonly cited sample is the

harpoon mechanism, in which strong long-range CoulombidVinO(A 5= %),

forces of attraction develop after the sudden electron jump oy 2 5

from a metal atom, imposing an impulsive torque on the O (X7P.2p7).

nascent aniof® They correlate at long range to the following single-
In considering whether strong impulses are to be exconfiguration atomic statés:

pected here, we first review briefly what is known about the 6 + 6 641 3

electronic structure of MnO andsOThen, we consider the MNO(A "2 7)—Mn(A "D, 3d*4s) + O(X “P),

interaction in terms of molecular orbital populations and sug-  MnO(X 6= *)—Mn(X ©S,3d%4s?)+ O(a D).

gest that a long-range electron-transfer model is Not apprag . y: thea 6p state is not thermally accessible in this
priate. Finally, both kinematic and dynamic models will be : ) : . : .
experiment. We can use this adiabatic correlation to infer

used to estimate product MnO rotational excitation for com- . . ; L :
. . . that Mn will become increasinglgd,2 hybridized as it ap-
parison with the experimental results.

proaches ozone. So, at short range, immediately preceding
charge transfer, the Mn will resemble tAe®D atomic state.
Indeed, Bauschlicher and Maitre, in theib initio study?>®

find that the bonding in MnXX 8= " is better represented by

Transition metal complexes are most often described ag yyo-configuration wave function that includes the contri-
having donor—acceptor bonding which is usually interpreteq, tion from the MnA 6D state.

within - the f[;%r?lework of the Dewar—Chatt—Duncanson  pecent analysis of experimental hyperfine coupling con-
(DCD) model?*>* The DCD model qualitatively rationalizes stants has demonstrated that in &> " state theds and
bonding_ in transition metal pomplexes in terms of forward3dZ2 orbitals of Mn hybridize in approximately a 1:1 rafio,
o-donation anda-backdonation of valence electrons. The g it is thesd,» hybrid (h;) that points in the direction of
o-bonding_electrons from the metal are principabyl"  {he O that combines in a bondirigo) and antibonding fash-

R 52,3
hybridized: o ion (100*). The other hybrid i,) remains nonbonding, lo-
Figure 10 presents the MnO molecular orbital diagram,

drawn to reflect current understandihig®>~>>Pinchemel and
Schampb? assignA 837 —X 63 * as the chemiluminescent .
transition of MnQ . They argue this is specifically due to the
100* — 80 charge-transfer de-excitation. The two electronic
states involved in the spectroscopic transition adiabatically
correéate at short range to the same single-configuration ionic
state

MnO(X 6= *)—Mn*(X 7S,3d%4s')

A. Electronic structure of MnO

35
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TABLE lll. Best-fit values for the parameters in the product rotational and

vibrational distributions.

Fitting parameter

Best-fit value

Cross Section Form

AARRARERR N RERRE|
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)\I'Otl 5.468 939 oo 5 1 s 20 28 30 a5 40 45 I50I 55 80

Nrot2 0.446 344 4 Energy / kJ mol™"

Mvib1 —3.623 752

Mib2 8.484 378 FIG. 9. Energy dependence of two forms of the cross se¢MRST and

E") used to fit the TOF data over a time-delay range of 84—i54
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AN

calized on the Mn. In forming the Mn@ = state, only one

electron will be shifted from the Mn towards the O to give aFIG. 11. O D(X °P)-0, 2p7 (*Ty)correlations inC,,05 (X *A,), ac-

singly occupied MnO & orbital. For the correlation of the cording to the fragment orbital methofOnly dominant interactions are
. ) L h

Mn h, to the MnO 1@*, singly occupied in thé =* state, shown)

a minimal movement of electron density is required because

this molecular orbitalMO) resides largely on the Mn atom. sjdes agree with identification of the or 7 nature of the
No experimental dipole moment measurements are availablgglecular orbitals. Alcanff gives a picture of the electron

t0 assess the ionic character of the bond, but theoreticglensity contours of the ozone molecular orbitals in his paper.
values® do exist. It is important to recognize that accurate

dipole moments for transition metal compounds are difficultC Evolution of electronic structure in the
to calculate. The most reliable level of theory for the metal = ~ "~ ;

. . chemiluminescent Mn +Og reaction
oxides appears to be the unrestricted coupled-cluster
calculatior?® with single-, double-, and some triple excita- To obtain maximal overlap between the ozone LUMO
tions included, UCCSI),%® which gives 4.99 D foX 63" (2b;) and the manganese highest occupied molecular orbital
MnO. This is about 63% of the purely ionic val@@.899 D  (HOMO) (h,) requires that the Mn approach perpendicular
based on Mi—O"). Because the 8—100* excitation to  to the ozone plane with the Mnd3r-orbitals coplanar with
form the A state moves electronic charge toward Mn, fhe the 2p7 of its terminal oxygen, i.e., the O—Op2r frame-
state bonding is predicted to be even less ionic. work bonds.

Figure 12 shows the orbitals relevant to the discussion of
the formation and subsequent de-excitation of Mn@hat
the MnCO* bond is largely covalent implies that Os not
Hay and Dunnind provide a state correlation diagram involved in the reaction and, consequently, that the anion of
for O3 and G+ O; Baciset al®® summarize the known dis- ozone is not formed in the MRO; reaction. This is further
sociation limits for different electronic states of ozone. Fig-substantiated by an estimate of the electron transfer distance
ure 11 presents one possible, single-configuration correlationsing Magee’s equatiGn® with the assumption that no co-
diagran?® for the 2p orbitals inC,, ozone, drawn to reflect valent interaction exists at that point. The vertical electron
current understandindNote that it is well-known that the affinity for Oz is not available, and so we resort to using the
single-configuration approximation inadequately describegxperimental, adiabatic electron affinity of 2.103 ¥’
the ozone ground stat8put, for purposes of discussion, itis Gonzalez-Luqu¥ points out that the similar geometries of
a useful starting point.Orbitals not shown are generated ground-state ozone and its negative ion should make the dif-
from the 1s and X orbitals, i.e., B;1b,2a,3a;2b,4a;. ference between the vertical and adiabatic electron affinities
There is disagreement in the literature about the relativemall. Using a Mn ionization energy 7.43 &¥7° the esti-
energy ordering of valence MOs: both Tsurn®dand mated Mn—Q separation at the covalent-ionic crossing is
Arnold®? give MO ordering as presented in the figure shown,2.70 A. This is only 1.58 time®, for MnO A 53 * (1.7107
but Borowsk?® gives the ozone li; as lower in energy than A). The actual distance of Mn to the nearest O atom in O
the 3b,, and also the B, before the @&,;. However, both depends, of course, on the direction of approach, but will be

B. Electronic structure of O 5
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FORWARD ¢- ATION
Charge transfer (1¢)

CHEMILUMINESCENCE
MnO A * radiatively relaxes

Green, Kampf, and Parson

likely than with an orbital more localized on the terminal
atom.

from Mn h, to O, LUMO to
form Mn-O covalent bond

Mn h? @

In donor-acceptor language, the new, polar-covalent
Mn—-O bond is strengthened by the strong forward
o-donation of one electron from the Mm; to the terminal
O’s 2par. This incipient Mn—0O bond is further strengthened

CNTRS
> 8|0 8

8 e Ml Atz 1097 > 19y esr at the expense of the O—O bond by back donation from the
8/8,@ o Mn terminal O’s Do orbitals into the Mn 8l orbitals (MnO
0, 25 () 86" by 0 37*, centered on Mh
* 802 The high rotational excitation of MnO which we have
observed indicates that the mechanism is likely a direct one,
- BACKDONATION as formation of a long-lived intermediate would be expected
two, 1e’ shifts from O, to Mn d, gb MnO 4r’,' to lead much closer to statistical partitioning of product en-
- ergy. Molecular beam studies by Lee and co-workers of
0; 62 (o) ﬁ ozone reactions with N¥, Ba,”® and halogen atom$have
“ MG 3n.2 also demonstrated direct regctions, which appear to be dic-
S :.( 1) ! tated largely by the electronic structure of ozone.
We now consider how dynamic constraints operating in
0,-0 o-bond destabilized -1 the chemiluminescent reaction channel might produce the
byi)ackbondlng producing @ MnO 4r’, . L N
0, and MnO A®s* (f'\;@ﬁ r_otatlonally hot pr_oducts observed. Limiting possibilities are
x (i) sudden attractive energy release of energy as the reactants
resﬁ‘;?.'éfﬁ?}& g O’B& approach, andii) impulsive repulsive energy release as the
shown) N ﬁ’%@j MnO 3r;? products separate. The former does not seem appropriate be-
+ cause of the very close separations required to access ionic

surfaces and the cold vibrational distribution observed in the
MnO A state. The latter is the situation treated by the direct
interaction with product repulsiofDIPR) model®®’7~"9This

model might be useful for estimating product energy dis-

considerably less than 2.70 A. At these short distances, cgosal if O +O, were suddenly formed on a repulsive sur-
valent chemical bonding is already dominant in MnO. Theface, but the molecular orbitals involved in the chemilumi-
TOF result that the cross section is rather weakly dependertescent reaction channel clearly favor covalent bonding, i.e.,
on collision energy also indicates that no strong long-rangé@artial, short-range charge transfer. Hence, the observed re-
attraction is present. The exponent-60.239 obtained in the action is best characterized as following mixed release of
power law fit could be associated with a rather short-rang@nergy, in which the forces of attraction and repulsion occur
attractive potential. The estimated transfer distance of 2.70 &lmost simultaneously without the occurrence of any distinct
falls in the intermediate range where adiabatic behavior iglynamic impulses.
expected to dominate. If adiabaticity is assumed, then the The other result obtained by our experiments was the
orbitals of the reagents may be straightforwardly correlatedack of vibrational excitation in the MnOproduct. Bourgui-
to those of the products via symmetry. As noted earlier, Figsgnonet al® have noted this same lack of vibrational excita-
10 and 11 present orbital diagrams drawn to reflect currertion with significant rotational excitation in the Mt®)
understanding of how the fragment orbitals correlate with+Cl, reaction. They observed that short-ran@dthough
their respective molecular products—MnO ang O complete charge transfer led to highly rotationally excited
Figure 12 shows that the Mn&d,2-hybrid that points in  products because of a repulsive impulse ig.GHad there
the direction of the O will overlap the electron cloud of also been strong long-range attraction of Mg Cl,, then
ozone’s terminal O. This orbital overlap products a bondinghigh vibrational excitation would have been expected in
orbital (8¢) primarily centered on the O atom and an anti- MgCl. In the Mnt+O; reaction we have observed the same
bonding orbital (16*) principally centered on the Mn, ac- type of excited products for short-rangartial charge trans-
cording to well-known principles of molecular orbital fer and suggest that the same dynamical effects are occur-
theory/! We assume that the unobserved dioxygen producting.
is in its ground electronic stateé 32 as has been justified Our mechanism allows dynamic repulsive forces to arise
by Zhang and Le€ for other reactlons of ozone. In fact, from weakening of bonding in £by backdonation from the
there is insufficient energy to populate both the MAGtate  4b, molecular orbital. We can estimate an upper limit on the
and the lowest excited state o, >a 1Ag. rotational excitation generated by repulsive release of energy
It is possible that the electron could initially migrate into in an O,—O bond, assumed perpendicular to the Mn-O
a two-center orbital yielding @—O prior to Q—0°. Two-  bond. A straightforward application of conservation of linear
center orbitals are often associated with complex insertiomnd angular momentum shows that 38.7% of this released
mechanisms as opposed to direct abstraction mechanisms fenergy will end up in rotation of Mn&’ This corresponds to
substitution reaction§ However, steric arguments suggest a rotational quantum number of 50, which is not as large as
that initial interaction with a two-center Lorbital is less the most probabldN of 83 found in the simulation of the

FIG. 12. Frontier orbital correlation for MaO; (X 1A;)—MnO* + O,.
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TABLE IV. Most probable rotational stated\NP) for MnO A =* in vibrational levelsv, calculated usindp,
=HBL(MnO*)=0.855 A, Ey.ne=9.25 kI mol?, v,q=850 ms?, whereNP=most probableN.

Experimental Calculated
T.+E(v,NP) vt T.+E(v,NP)
v NP Npprior max (cm™ (ms Y NP (Egand (cm™Y % Error % Expt
0 83 42 104 12 452.97 1981.6 68.4 20475.31 -—-4.6 95.4
850.C* 29.3 18 731.71 —-12.7 87.3
1 77 39 97 21 031.00
2 71 36 89 20 637.09
3 64 32 80 20 214.03
4 56 29 70 19 780.08
5 47 24 59 19 356.83
6 36 18 45 18 935.50
7 20 10 25 18516.23

aNo adjustment of the collision energy with the exothermicity, Ve.= V.

experimental spectrum, but larger than the most problble calculating the relative velocity. Adjusting the collision en-
of 42 in the Prior distribution. ergy by the reaction exothermicity and electronic energy cor-
We are then led to explore the kinematics as a possibleesponds to assuming that all the exoergicity is converted
source of rotational energy in the MnO. In the kinematicinto momentum along that one coordinate used to reach the
limit, the products’ rotational distributions are determined byreaction geometry. Consequently, it is an extreme case that
both the distribution of the reactive impact parameters andor exoergic reactions overestimates the momentum in that
also the initial rotational distributions of the reactaflts. coordinate and so represents an upper limit to the most prob-
What is apparent is that the symmetry-favored collision pathable rotational quantum number. Actually, McCaffery’s
way (nonplanar approach of Mn toward an end ftas a model is imposing dynamic constraints for both the cases of
large impact parameter. Consequently, as has been prevhe unadjusted and the adjusted collision energy—it is not a
ously noted by Leeet al. for ozone reactions with atomic purely kinematic model. In either case, the choice of the
chlorind? and bromin€? a large amount of the translational HBL for the effective impact parameter is a choice of dy-
energy is expected to be converted into the rotational energyamic constraint. Moreover, in the adjusted case, when the
of the intermediate due to kinematics alone. excess energy is assumed to be completely converted into
To determine if it is the kinematics that mainly causesmomentum of the reactants, this is an additional dynamic
the observed product rotation, we have calculated the levadonstraint. The adjusted limiting case represents an extreme
of rotational excitation predicted by a purely kinematic limiting case, as repulsive interactions between the reactants’
model—specifically, McCaffery’'s quantum-constrained- electron clouds would be expected to slow down the reac-
kinematic modef! This model is the extension of that tants before they reach hard-sphere distances. Applying Mc-
group’s angular momentum model for rotational energyCaffery’s quantum-constrained-kinematic model to the
transfer to reactive scattering. It focuses on the conversion dfin+0; system forv’ =0 (see Table 1Y, we have predicted
relative reactant linear momentum to diatomic product rotathe most probable rotational quantum numltealculated
tional angular momentum and/or scattered recoil momentunNP) and compared this value to those obtained from the fit
via a torque armlg,), which can be approximated by half (experimentaNP). Two different values for the most prob-
the bond length of the nascent proddiBL). It is through  able rotational quantum number were computed: one from
this rotor arm that the influence of the intermolecular potenthe collision energy itselfNP=29), and the other from the
tial is brought into the modelThe bond length usually sig- collision energy adjusted by the reaction exoergicity® (
nals the boundary of the potential's repulsive wallthe  =68). Both are lower than the experimental result.
simple equation for MirFO3;—MnO (A 62%)+ 0, is

NP= £nan 00V FelPr o 65+ (10 vI. CONCLUSIONS

whereNP is the most probable value ®f. The most prob- The observed formation of MnO in it& 63" state in

able relative velocityy},, is defined as the componemt()  the reaction of Mn with @is understandable by correlating

of the total relative velocity\(,e) perpendicular to the bond atomic and molecular orbitals adiabatically. It is vibra-
to be broken in the reaction. The average relative translationally cold but rotationally hot. The low vibrational energy
tional energy shown in Table Il gives 850.0 m'sor the  content and weak collision-energy dependence of the cross
average relative velocity of Mn and ozone under our experisection indicate that there is no strong attraction or repulsion
mental conditions. McCaffery also computes an adjustecs the reactants approach. The high rotational energy content
relative velocity from the average collision energy—adjustedappears to arise partially from kinematics but also from re-
to take into account the exothermicity and electronic energypulsive release of energy along ap-GD direction which is

He does so by substitutinge{ans— AHxn— Te) fOr Egansin perpendicular to the Mn—0O bond.
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