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Chemiluminescent reactions of manganese with fluorine:
Influence of dynamics on product energy partitioning in vibration
and rotation of MnF *(b,c)

Karen M. Green® and John M. Parson
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210

(Received 30 January 2004; accepted 20 Septemben 2004

Chemiluminescent exit channels of Mi,—MnF* +F were investigated using the molecular
beam technique in a beam-gas configuration with an array detector. Two uncongested regions,
corresponding to MnF transitions °S " (b)-a°2 *(b) and b °II;(int)-a°% *(b) were fit for
vibrational and rotational populations, which were used to develop a microscopic reaction
mechanism for these chemiluminescent exit channels. In both* Miéctronic states, significant
vibrational excitation but little rotational excitation was found. Significant vibrational excitation has
been attributed to early energy release as Mn loses an electron at long range to the lowest
unoccupied molecular orbital o, FThe incipient bond is strengthened as backbonding fromfhe F

to Mn* increases the covalent character of the intermediate. Finally, no strict geometric constraints
are placed on the exit channel and hence there is no significant repulsive energy release into product
rotation. Our proposed mechanism exhibits dynamic control in that the course of the reaction is
determined by both geometric factors and dynamic factors2004 American Institute of Physics.
[DOI: 10.1063/1.1814633

I. INTRODUCTION that created multicollisional pathways for forming chemilu-
Clearly there is a need for a broader base of experimenr:nmescem products. They interpreted the spectrum—a broad

tal results on elementary reactions of transition metal atomgontlnuum punctuated in places by sharper peaks—by attrib-

if we hope to understand how the involvement of di1‘ferentUtIng the sharper peaks to MnF electronic tranS|t|on§ that had
been previously observed, and the broad continuum to

molecular orbitals during a reaction can provide predictionﬁvI . .
e : n,F* and Mr§ . A further investigation of the system un-
of ener artitioning into different degrees of freedom of ', 2" 2 o
9y p 9 g der single-collision conditions seemed warranted because of

the products. 4 ) i oo
The present study aims to extend our previous investigagncertamty as to the primary steps in the chemiluminescence

tion into manganese reaction dynamics—this time looking a{'nech_an_lsm. . L .

the chemiluminescent reactions with fluorine. As in previous  AIMing to identify initial reaction products, Parson and
studies, we have used the molecular beam technique in }éampf employed an effusive metal source that minimized
beam-gas configuration with time-integrated spectroscopi€!UStering of Mn. Less than one part in“16f the Mn beam

detection. Two electronically excited product states from theVas estimated to be in the form of dimers. Measurements of
Mn-+F, reaction were investigated. Dispersed radiation aristh€ dependence of the chemiluminescence on jtréssure

ing from MnF c53*-a5S* and b®I1,-a53* transitions qnd the time of fl|g'h(TOF) of th.e.Mn beam served to iden-
was collected by a charge-coupled devi@CD) array de- tify the broad continuum as arising from a process that was
tector. These spectra were then fitted to obtain vibrationafecond order in £ while the sharper peaks were found to be
and rotational state distributions of the nascent KipFod- first order in K. Consequently, they attributed the product of

ucts. Insight has been gained into the reaction mechanisnige second-order process to Mnfand the product of the
for forming these two states. first-order process to Mrit: They cited the need for further

studies to investigate the details of the dynamics of the Mn
+F,—MnF* +F reaction, uncomplicated by the second-
Il. REVIEW OF PREVIOUS WORK ON MnF order process. Consequently, the current investigation was
undertaken to obtain cleaner spectra of the two most intense
electronic transitions: Mnie°3 "-a°3* andb °II;-a°3 ".
The first investigation of chemiluminescence from Mn Kampf and Parson reported weaker emission due to the
+F, was carried out by Devore and Gdi@heir experimen- dSTI-a 53" ande 53 *-a 53 " transitions, but there is barely
tal conditions differed from those used here in two importantenough energy to form thitande states by the above bimo-
respects{(i) they used a flow source of Mn at substantially jocyiar reaction, and so no further investigations of those
higher temperatures that yielded Mn clusters in addition tQ,5nsitions have been carried out. TheFessure was cho-
Mn atoms, andii) they used a rare gas carrier at pressure§en, 1o pe low enough that second-order processes could be
neglected. Finallyy, we sought to fit the observed
dpresent address: Aventis Pharmaceuticals, Tucson, AZ 85737. c°3*-a®s* andb®Il;-a®3 ™" transitions by adjusting the

A. Previous studies of reaction dynamics
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TABLE |. Summary of spectroscopic constants for the quintet MnF manifdlues used in fitting are shown

in boldface)
a’s ™t b 511, cS3t d°1I eyt
Te(cm™) 3500+1000° T,+11751.18 T,+14493=  T,+19807%= T,+20220=
17 993 23307 23720
3000+1000°  T,+12000=
15500
?e(disls)ocianon) 32392.2862 27888.65682  28322.4496
cm
we (cm™h) 645.92 630.54 597.38
595.9
weXe (CmM™ 1) 3.27 3.564 3.158
Ao (cm™Y) —63.1188
Ap (cm™1) 0.004 03
B(cmY) 0.37326%¢ 0.359 2636 0.363 007
B (cm™ 1) 0.374 641 0.37342 0.3607915
B, (cm™ 1Y) 0.371 96
a(cm™ 0.002 758 0.002 443 0.003 055 8
0.003 028
ro(A) 1.788 650 1.791 78 1.81374
re () 1.7854 1.7883 1.819 306° 1.810P
1.785 356
rot. D (cm %) 5.134E-7"¢ 5.363 9E-7° 0 (fixed)"
N spin-spin(CM %) 0.413 96 —-1.7857 —0.340 66 —0.8886
N spin-rotation —0.002 058 0 (fixed) 0.072 439 0 (fixed)"
(cm™) —0.002 052

®Reference 3.

PReference 10, Tables IIl and IV.

T.=Teasx").

YReference 9, Table llla.

*Reference 8, Table II.

fCalculated assuming a Morse potential, iRe= w2/4w X, .
9Vvalue used in simulation; obtained through trial and error.
"Reference 7, Table II.

Reference 4.

IReference 5, Table IX.

KReference 6.

'Reference 48.

"Reference 49.

"Reference 50.

vibrational and rotational state distributions of the electroni-K (yielding 25 mTorr M) were necessary to vaporize man-
cally excited states of nascent MnF. ganese atoms from a tantalum crucible. Fluorine gas
(49.9% F in He from Air Products was leaked into the
reaction chamber by means of a needle valve so as to yield

Although spectroscopic interest in MnF stretches back toaverqge tOtal, pressures of apout. 0.3 mTorr.
Light attributed to chemiluminescent products was fo-

the 1930s only two major investigations have been under- ; : >
taken since then. Hay® in the 1950s studied the vibra- cused on the entrance sipphysical width: 0.125 minof a
tional band structure of the manganese halides and produc&#* m Spex monochrometer and was dispersed by a grating
the first vibrational constants. Then in the 1990s Launila(300 or 1200 lines/mpnin first order onto a liquid nitrogen
et al. reported rotational analyses of several of the systems;ooled, front-illuminated 1152256 pixel CCD array(Prin-
doM-a®s*,”  ¢52*-a%s*" %  bSM;-a®*,° and  ceton Instruments; model LN/CCD-1152-WV
ATII-X X", and also discussed the possible electronic  Background signals, taken with the manganese beam on
configurations of all these stat€sSpectroscopic constants pyt fluorine off, were acquired as five frames of 180 s each,
for known states in the quintet jna“'fO"?' are presented inyefore and after acquisition of the MhBpectra, which were
Table I. Note thatT, _f?r thea ™ state is not known .to acquired as 30 frames of 180 s each. These raw spectra were
better than+=1000 cm -, and consequently.’s of states in . . .
. . : . B+ preprocessed by removing spurious peaks caused by cosmic
the quintet manifold are given only relative Ta(a >3 ™). S
rays and background, calibrating the wavelength scale, and
correcting for detector respon$&'* Additionally, when the
spectral range studied was too wide to fit into one detector
Details of the apparatus and techniques employed havisame, it became necessary to join overlapping frames to
been previously describéd!? Oven temperatures 6£1293  produce the cumulative spectru.

B. Spectroscopic measurements

IIl. EXPERIMENTAL APPARATUS AND PROCEDURES
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IV. FITTING THE EXPERIMENTAL SPECTRA example, in metal reactions with hydrocarbdhdnitially,
) - Breckenridge thought that abstraction and insertion modes of
~The energies of the spectral transitions were modelegy,ction led to lowN and highN components in the product
using the term-value approach, with the assumption thalyiational state distributions, respectivéfyHowever, Liu
there are no perturbations from the other low-lying electronic,; al,'® demonstrated that the bimodal rotational distribu-
stat_es. The intensity of the light radiated by an electronicalligns were independent of temperature, and demonstrated
excited product in vibrational state' and rotational statd’ 4t excitation in different vibrational modes of a short-lived

‘e i 3
is given by reaction complex could produce varying amounts of rota-
o, PP, 64t o3 tional and vibrational excitation in the product molecules due
I(v',J")e 9y 3n to distinctly different forces acting during the separation.

Worklgon these systems was extended more recently by Wong
o et al® who noted, for a range of magnesium-alkane reac-
X? JE vy g0merS1.350%3%, (D) ions that entrance channel forces determine the vibrational
) _ o energy partitioning while it is the exit channel forces that
whereSiis the line strength, an@(v") andP,(J’) are the  getermine the rotational energy partitioning. Experimental
populations to be determined. and theoretical photodissociation studfe4® uphold these
~ To reduce the dimensionality of the problem, popula-regyits. |deally, the best-fit rotational state distribution should
tions were modeled as independent, parametric functionge getermined for each vibrational product state populated in
with the parameters determined by a nonlinear least squarggger 1o gain the most dynamical insight, but it was imprac-
fit to the experimental spectra. The analysis is BayeSian, tica| to do that here because of extensive overlap of rota-

and so functional forms are built on the pridP") popula-  tjona| hands belonging to different vibrational states.
tions. The prior, the inverse of the density of states, is what is

expecteda priori if energy were statistically distributed in
the products. The functional forms used for both the vibra-
tional P(v') and rovibrationalP(v',N") populations are A |ine strengths

given as N )
We assume complete separability of the wave function

, or 2 3 L o
P(v")=P (v )expN,ip, for +Nuin, f +Nuinf)) (20 which implies that the transition moment may be factored
into a product of the electronic transition moment, the vibra-

’ N Do, ! ’ 2 .
P’ ,N")=P(v",N")eXp(Arot,In' ' F Arot,Inr 7 tional band strengtf{Franck-Condon factor and the rota-
3 tional line strength. Since the procedures for calculating the
Moty Onr o) 3 vibrational band strengths and electronic transition moments

In these functions we have shifted the rotational state labelereé treated as in our previous papers, we comment here
from the total rotational angular momentui to the mo-  ©nly on the rotational line strengths.

lecular rotational angular momentuXt, in order to simplify ~ Rotational line strengths were calculzazged using the ana-
the form of P(v',J’). The parameters,; are Lagrangian !Ytical expressions given in the Iltere}tLﬁ‘é‘. (An explana-
multipliers determined by the fif,, andgy ,. refer to the ~ ton of the quantum number convention used in Kes/aext

. . 5 5 .
fractions of energy available to the vibrational and rovibra-'S 9'V€n eI;ewheré?) Although for thec IT-atxt transi-
tional states, i.ef, =E, /E; gn' ,»=EL/(E—E,), where tion there is no question that both states can be described as

L N /) v ? yU v ! y . . 5 5 +
E is the total energy that is shared by product vibration,Pure Hund's caseb), this is not the case for the"Il;-a>~"
rotation, and translation in a given electronic state. withiransition as attested by poor initial attempts at fitting this

. . 5 . .
these distributions, the average values of the fractions of ed€9!0n using a51'[i5(a)- 2+(l_3) representation of the transi-
ergy in product vibratior{(f,), rotation(f,), and translation tion. Rather, thd °II; state is seen to be better described as

(f,) are readily calculated using the following equations: ~ an intermediate case between Hund's casgand(b).
Finally, Kovacs’equations, which are given explicitly
Y max E., only for the normaPII-°3 * transition, were adapted for the
(f)= > P(") EU : (4)  inverted one TI1;-°3 7). Since the changes needed in his
v'=0 equations were not immediately obvious, we describe the
v Niafv”) £ two necessary modifications. First, the numbers in the rota-
(f,)= DD P(u’)P(v’,N’)—N, (5) tional branch symbols that correspond to tHestate were
E relabeled, according to the pattern;»5, 2—4,....[An ex-
ample of this for the’II-°% " branch symbols iR,— Ry,
(fo=1—(f,)—(f,). (6) PR PR N P iti
35— Rgs. Note ™ Rgg corresponds to a transition fromy F
Since we seek the minimal functional description of theto F5 with AN=—1(P) andAJ= +1(R).] More details can
populations that will reproduce the observed spectra, wee found elsewher® 3224253312gac0nd, the equations
would prefer to use a four-parameter function themselves were modified. Specifically, for the original equa-
(Npib1sNpib2:Nrot1sMror2)  Father than a six-parameter tions to remain valid for both normal and inverted terns,
(Npib1sNpib2:Npib3i Arot1» Mrot2sArotz)  function. However and A were replaced by their absolute values. Rotational
the four-parameter function would be unable to represent bitransitions are shown in Figs. 1 and 2 for the relevant tran-
modality in the distributions, which has been observed, fositions.

v'=0 N'=0
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B. Energy constraints

The fit is constrained by the initial energy conditions
which are listed in Table Il. The values given correspond to
the most probable initial conditions. To address the spread i

the initial conditions, we added 2150 ¢hto the nominal h 4 the q :
total energy available. This amount was chosen so as to afNen we assumed thestate was pure Hund's casa)—it

the spectrum for the MnB °I1;-a°3 * transition taken at an
effective bandwidth of 1.1 A is shown in Fig. 4. The labels

best fit,” “fit,” and “prior” that are used to label the
852*-a52+ spectrum will be explained later. As mentioned

earlier, we were not able to fit the®II;-a®3* transition

low population of the highest vibrational product states thatVaS Possible only after we implemented the intermediate

were observed to radiate. Table Ill gives the energy availablé®) Hurr:d’s I case hfor the rotational _“”eh positions  and
for sharing among vibrational, rotational, and translationaSt'€nNgths. Also in this transition, modifying the spectroscopic

degrees of freedom of the products when lther c state is

formed.

V. EXPERIMENTAL RESULTS

A. Spectra

The spectrum for the MnE®S "-a % * transition taken

constantx, for b °IT,—using a value of 0.003 025 crhthat
was obtained through iterative trial and error in place of the
literature value of 0.002 443 cm—vastly improved the fit.
Although we have obtained best-fit populations from our
experimental data, we wish to stress that they are dependent
on both experimental accuracy—primarily limited by correc-
tion for the background signal and the finite resolution—and
at an effective bandwidth of 5.5 A is displayed in Fig. 3, andtheoretical accuracy of the model used. Consequently, when

N’ P
F;(e) N
F,(e) ‘ N+1
0 J : i
F,(e) \L ‘ N+2
F5() | \ —N-2
| |
FOEElo s g N8 HF E oo O o o
| | ‘ i | 7
S - |
F;(e); i | J } ‘ ‘ N+1
) I P
N+l gjﬁ?j L4 ] ‘ :ﬂ FIG. 2. Rotational transitions for
F\(e) J‘ N+3 53+ (b)-*% * (b).
Fs(D Y N-1
Fy(e) ‘ 5 N
Fy(e) ‘ N+1
N Figf){ l ‘ N-1
F,(e) : N+2
Fs D N-2
Fi(eqr— N-1
) Y
N-1 II%E%\ 1 A Y -
F,(e)X v N+
Fy(f) Y N-3
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TABLE II. Energy constraints on the spectral fit of M, . The subscripts 1000 - — BEST-FIT
int, trans, rot andvib, respectively, refer to internal, translational, rotational, s —
and vibrational. Energy available for the chemiluminescent product is com-
puted from the sum of the reaction exothermicity and the reactants’ relative
translational and internal energies.
Values
Parameter [eV] (cm™Y) (K)
DY(F-F) 1.6
DS(X 7S * MnF)® 4.388
|AE| (exothermicity 2.788
Ttuorine (@ssumep 293
Tun 1293
Teffect've:Mn fluorinec 702 ol
Etranse d 732 oc‘ooooooooooooo‘oooooooocco:
Erot, luorine 203.64379 FEIECELEEEIECRNEIEE A EEERERS
E . . e 0 o
E_‘"i’*”“”””e 203.643 79 wavelength (A)
n .
“Reference 3 FIG. 3. Comparison of Mnke 53" —a 53+ spectra—experiment, best-fit,

bReference 51. fit, and prior.
“The relative translational energy of the reactants was calculat&d, as
3
= SKeTefrectve» WhereTetrectipe™ mMnTF2+ mFZTMn/mtotal . B. P lati d isal
“The rotational energy of the reactants here was calculate, @%uorine - Populations and surprisals

=KgTtiuorine - i i i i
€The vibrational energy of fluorine is assigned this zero value because at th The vibrational pOpUIatlons for the state are shown in

fluorine temperature the ambient energy is 203.635%c{Rg Tf1yorine) @Nd Eig- 5, and for theb state in F.ig. 6 The rotational pOp_U|a'
this is significantly less than the energy required to excite vibration intions for thec state are shown in Fig. 7, and for thestate in

fluorine (916.64 cm). Fig. 8. First, we comment on the functional forms used to
describe the populations, and then discuss the vibrational
populations and finally the rotational populations. Although
some conclusions concerning the populations will be dis-
trying to determine why we did not achieve a very good fit,cussed in this section, the implications for the mechanism
we need to examine both these sources of error. A closwill be presented later.
examination of the spectral fits indicates how the best-fit  For fitting the c-a transition, the fully optimized four
spectra systematically deviate from the experimental onegparameters were used as the starting point in both the best fit
For example, for the ®S "-a 3" transition, the peaks are and also the fit spectra shown in Fig. 3. The best fit was
relatively well aligned, signifying that the energies are wellobtained by a full optimization of the six parameters;
described by the theoretical model. On the other hand, awhereas, the fit was obtained by fixing the rotational param-
though the general envelope appears relatively close to theters to the two-parameter solution but fully optimizing the
experiment, the intensities are off to some extent. We believéhree vibrational parameters. The best fit produced the lower
that the deviation is caused by an experimental artifact. Unebserved sum of squares of deviations L&rvalue of 2598
certainty in the correction for the background signal can crevs 2684, although the fit produced the better Pearson corre-
ate a corresponding uncertainty in the relative heights of théation, anR? value of 0.910 vs 0.906. The vibrational popu-
spectral maxima and minima. For example, if insufficientlations for thec °3 * state for both the fit and best-fit cases
background signal is removed from the experimental specare compared in Fig. 5. Since they are nearly the same, ap-
trum, then the fitting routine is forced to make the peaksparently only two of the three vibrational parameters are ac-
higher than observed so as to keep a decent fit to the loweaually needed to describe the vibrational distribution. Both
parts of the spectrum. the fit and best-fit vibrational populations differ markedly

TABLE Ill. Summary of results for energy partitioning in theand c states of MnF using different fitting
procedures. See text for definitions.

State b °I1, b 5IT, b 511, c53* c5s7 [
Fit specifics Six-parameter, Six-parameter, Prior Five-parameter Six-parameter Prior
var. ae lit. ae

L2 5137 7220 17 268 2684 2598 5933
R? 0.914 0.839 0.239 0.910 0.906 0.699
Eapaitable (€V) 1.25 1.25 1.25 0.94 0.94 0.94

v 0.514 0.491 0.280 0.395 0.386 0.270
(f) 0.128 0.144 0.288 0.220 0.190 0.292
(fy 0.358 0.365 0.432 0.385 0.424 0.438
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FIG. 4. Comparison of Mnb 5TI;—a®3* spectra—
BEST-FIT experiment, best-fit, and prior.
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wavelength (Angstroms)

from the prior populations. We can conclude that the experiThus, we believe that the considerable vibrational excitation
mental spectrum displays significantly less population tharthat appears in the product is determined primarily by the
expected for low vibrational states, and considerably mor@ntrance channel forces.
than expected at moderate to higher vibrational states. We Overall, for both thec-a andb-a transitions, we did not
see even higher than expected vibrational excitation in thebserve significant rotational excitatigsee Figs. 7 and)8
b °I1; state, as shown in Fig. 6. This vibrational excitation isThe distributions were colder than the prior distributions, and
not unexpected in MnF as the product is considered to bevere much colder than the product MnO rotational distribu-
highly ionic, suggesting that the electron transfer could occution that was found for the MihO;—MnO (A°27)+0,
at long range. To explore the implications of a long-rangereaction® Table |1l compares the average fractions of avail-
electron transfer, we use Magee's equatfdn estimate the aple energy that appear in vibration, rotation, and translation
crossing radius at the electron jump. Using the first ionizafor the b andc states. Notice that these values do not change
tion energy for Mn of 7.43 e¥>* and the most recently much with the somewhat arbitrary choice of a fitting proce-
determined electron affinity value for,Fof 3.01 eV}” we  dure. The rotational distribution far’ =0 observed in thé
obtain a value of 3.26 A for the crossing radius of the lowesisiate was noticeably colder than that found for thstate.
covalent surface (MitF;) with the lowest ionic surface The peak in thé rotational distribution is at a lower value of
(Mn™+F;). This is a relatively large distance compared tog,, ,_o, and this is reflected in a lower value dt). There
the equilibrium bond length of Mnksee Table)l The reac-  js possibly a slight bimodality in the rotational distributions
tion then could be represented as observed for both states with the major component lying at
Mn+F—F—Mn*[F=F]" —MnF(c 53" ,b°1,)+F, (77 low N’ and a much smaller minor component possibly

_ ) formed at highN’.
and an early release of the Coulombic attraction of'Mmd

F~ can channel energy efficiently into vibration of MnF.

3
B _
L s
=
0 -
5 N
2 S—e—a ¢ ¢
-2
lllIlIlIlIllllIlJllLl_LlIlllIlIIIIIIIIII
0.120 BEST-FIT
g g /
5 0.140 5 M
E‘ 0.120 Eooso
— 0.100 =
§ 0.080 g 0.060
§ 0.060 £ o010
2 2
£ 0.040 s
0.020 0.020
0.000 0.000
< = o @ = “ © £ i o <
= =) = =3 = (= =3 =3 S = -
f(v')
FIG. 5. Vibrational populations and surprisals for MaRs, *. FIG. 6. Vibrational populations and surprisals for MaFIT; .
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VI. ELECTRONIC STATES OF MnF M @4
3d, ., 3,/ ©

In order to explore the pathways leading to the observed
electronically excited states of MnF, it is essential to identify M.O’s on M
the leading molecular orbital configurations of those states. — =~~~ 7" oxonF
Previous assignments of the configurations, however, are
puzzling and appear to be based on an inappropriate analogy
with states of MnH. It will be shown below that the corre-
sponding states of CrF and MnO provide a more reasonable
interpretation of the observed visible transitions of MnF. o

In order to understand better the electronic states in- '
volved in the Mnt-F,— MnF* + F reaction, we first seek to FIG. 9. Molecular orbital diagram for MnF.
build a molecular orbital diagram for the MnF product. In the
case of MnF lack of computational studies handicapped the
spectroscopists in their investigations. Resorting to an anal-, S e

; : implest pairwise hybridization schemes were generated.
ogy to MnH, whose electronic structure is better understoo . .
. ; ese schemes were then used to build up molecular orbitals
does not appear appropriate since the charge on the H cou . . :

. g . of CrF which were visually compared to the CrF orbital am-

be either positive or negatiV@ A better analogy would be to

a case with more clearly defined polarity—that ofatransitionpIitUde plots given in recent computational invest-
Tetal halide of oxide y P ¥ gations***4The successful schengghown in Fig. 9 was the

For another stud}f we had created a CrF diagram by one that produced molecular orbitals that were a topological

: . o A . match to the amplitude plots.
using different combinations of orbital interactions and ap- The aim here is to apply this diagram to describe the
plication of simple rule¥-*2of MO theory. Since the metal PPy 9

orbitals can hvbridize in different wavs. with fiori wa leading electronic configurations of the low-lying states of
) Y 't ways, With 1aop Y MnF. Although these states are not well described by a single
to decide which are the most likely combinations, only the

configuration, the single-configuration representations can
provide qualitative insight into the nature of the two MnF
150 transitions of interest here. As indicated earlier, this will re-

. quire the current literature assignments to be revised so that
transitions make physical sense.

Launila et al® give the assignments shown in Fig. 10
for the leading configurations of the lowest-lying observed
electronic states of MnF. These assignments have two major
- BEST-FIT _ PRIOR flaws: emission of radiation in thie-a andc-a transitions
G appears to be associated with promoting an electron to

higher molecular orbitals, and neither molecular orbital
change is expected to give rise to an electric-dipole allowed
transition. With their assignment ofo8 37* 16 472 902
for c°3 7", thec®S " —a®3" emission would have to in-
volve unpairing and transferring an electron in theMO to
the 1®* MO. Likewise, with the assignment of
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* sion would have to involve unpairing and transferring an
FIG. 8. Rotational populations and surprisals 60 of MnF b °II; . electron in the 4 MO to the 1&* MO. Clearly, one would
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FIG. 10. Single-configuration representations of the low-lying eIectronicFIG. 11. Revised assignments of low-lying single-configuration representa-
states of MnF, as assigned in the current spectroscopic literature. tions of MnF

expect the antibonding 5 MO to lie higher in energy than
the & and 47 MOs.
Another problem with the °X* assignment is that the

expected to be intense. By symmetry arguments, this electron
must come from one of the Mmd. hybrids and must trans-

. fer to the F2,.. These correlate to three molecutaorbit-
* T
100% and 9r MOs are both centered largely on Mn, with als of interest—a&, 4w, and &7*. 47 and 57 are centered

R ) . :
100™ arising mainly from the Mn 8, atomic orbital and & on the metal while only 3 is centered on the ligand. This

mainly from the Mn ~ atomic orbital. This would |mply that implies then that the only MO that could conceivably receive
a 3d,—4s atomic transition can be used to estimate the . .
o : . - -the Mn-donated electron is73 and so we reassign thell;
strength of this MnF electronic transition, but such a transi- D 32 2a 2 1 .
tion is electric-dipole forbidden. Our observation of intenseSt;’:lte ass &+ 3m°15%4m"907100% . This means that
S . e b°Il;—a®%" also corresponds to a charge transfer,
c—a emission suggests a radiative lifetime less than th% 3
time interval of~10 °s that is needed to escape from the Tom
observation zone. The only way to explain an intense transi-
tjon With these MO assignment's would be to suppose that th@ll. PROPOSED REACTION MECHANISMS
ligand field of the F strongly distorts the Mh orbitals, but
that would be inconsistent with the fact that Mis in a high A long-range electron transfer is certainly expected on
spin state. Further, if the-a transition were metal centered, the basis of Magee’s equation for the crossing radius. More
then one would expect a nearly vertical transition. Thatimportantly, early access to an ionic surface serves to explain
would be inconsistent with the substantial lengtheningof the high vibrational excitation that we have found in the
and decrease i, observed for the state compared to the and c states, as an early attractive release of the reaction
a state. exothermicity should favor vibrational excitation of the prod-
To form the bond in the °S ™ state, we expect that one uct molecule. Note that because the initial electron transfer
electron transfers from Mn to F (MaMn*)—a charge occurs at long range, energy release is separable—not mixed.
transfer transitiorfand so expected to have a large transition =~ Geometric constraints are not expected to operate at this
momenj. By symmetry arguments, this electron must comefirst crossing from a covalent to an ionic surface in the en-
from one of the Mrsd hybrids and must transfer to the trance channel because according to the orbital-locking and-
F2p,. These hybrids correlate to three MnF molecular following model?>“® orbital steering can occur only when
orbitals of interest—8, 90, and 1@*. 90 and 1&* are the incoming reagent is close enough to the target reagent so
centered on the metal while onlyo8is centered on the that their orbitals may interact.
ligand. This implies then that the only MO that could con- From the perspective of the reagent atoms, if the nascent
ceivably receive the Mn-donated electron is, @&nd so we state to be formed is MnB °Il;, then the electron will be
reassign the >3 * state as 8'37% 1562472902 100*! as  transferred byo-forward donation from thesd-hybrid AO
shown in Fig. 11. This assignment means tats>"  (mostly 3d,) of Mn to the 3} LUMO (—lowest-
—a®y" corresponds to a charge transfes;-98g. unoccupied molecular orbitebf F, and begin to weaken the
We encounter the same type of difficulty with the assign-F—F bond.7 backbonding from fluorine to manganese will
ment of Launilaet al. of theb °I1; state MO configuration as further weaken the F—F bond to the point of breaking. The
80237*16%4m 90, The 4r—100* transition would be backbonding corresponds to a partial charge transfer from
metal centered and would be weak since the MO is F to Mn", introducing covalent character into the’Il;
mainly 3d, and the 16* MO is mainly 3d,. Again that is  state.(This partial covalent character is why°Il; is less
inconsistent with our observation of strobg-a emission. ionic thana®2 *.) Figure 12 illustrates the orbitals involved
Since the MnF bond is thought to be best described a® the backbonding that leads to thestate.
Mn*F~, the b°II; bond will require one electron transfer From the perspective of the reagent atoms, if Mg, *
from Mn to F—again, a charge transfer transition and hencés to be formed, then the electron will be transferred by
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FIG. 12. Backbonding leading to formation of M c.

m-forward donation to the 3 LUMO of F, (the same re- tional excitation is usually determined by exit channel
ceiving MO as for theb state. Then, in this case, it isr forces?’ Consequently, to understand the rotational excita-
backbonding from the complex that will finally weaken the tion we need to consider the optimal geometry of interaction
F—F bond to its breaking point. Figure 12 illustrates the or-of the orbital of the incoming Mh with the F, 175 HOMO
bitals involved in the backbonding that leads to thetate. ~ (—highest occupied molecular orbitdhat leads to thé and
What might cause the nascent MnF to end up preferenc states. While the forward donation is dictated by long-
tially in the b or thec state? Recall that vibrational excitation range Coulombic forces and so has no geometric constraints,
is usually determined by entrance channel forces while rotathe backdonation might have geometric constraints. We ex-
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tic potentia)—no sudden reorientation of the incoming metal
orbital occurs. Hence off-axis reaction could just as easily
involve o-forward donation coupled withr backbonding
leading to theb state, orm-forward donation coupled with
backbonding leading to the state.

This description using qualitative MO'’s suggests that the
ionic and covalent potential surfaces should have a conical
intersection for the collinear configuration. Passage through
the conical intersection from ionic to covalent surfaces
would lead exclusively to theb state, whereas off-axis
switching of surfaces can proceed adiabatically to either the
b or c state.

However, if locking and steering of Mnorbitals to the
incipient Mn"—F~ axis takes place after the initial electron
transfer, there may be a propensity ferbackbonding be-
cause it is difficult to imagine how a-type interaction could
serve to define the Mn—F axis as effectively asrdype
interaction could.

Both of these considerations suggest that more nearly
collinear collisions with smaller impact parameters favor for-
mation of theb state. Such collisions should lead to lower
MnF rotational excitation for two reasons: less angular mo-
mentum is available to be shared by product orbital and ro-
tational angular momenta, and less torque can be exerted on
MnF as it is pushed away from F in a near-collinear geom-
etry. This may explain why a smaller fraction of energy
available is observed to go into rotational energyp6fl; vs
52+

To summarize, it is not only the geometry of approach
At first glance, it appears that off-axis approaches—and the impact parameter that determine which state is

those approximately orthogonal to the fluorine axis—will fa- produced—th_e relat|ve_ S,pee,d of the incoming target also

vor formation of the MnFc®S* state by optimizing the plays a role in determining if the reaction will follow the
overlap with the M hy (mainly, 3d,) AO and the adiabatic or diabatic potential surface. Our proposed mecha-
- 1% Also. at first glailce it app,earsathat only an on-axisNism exhibits dynamic control—the course of the reaction is
2 g- )

approach—one collinear with the fluorine axis—will pro- deterr’\rlnnedhboth by geomeiric facto;shand byhdyrr:am;)c f?c'
duce thebSTI;. One might imagine that the geometry of tors. Note that we are not concerned here with the absolute

/c ratio, which was not determined in our experiments.
Rather, attention has been directed toward whether the ge-
ometry of the transient intermediate can be related to prefer-
ential formation of one state or the other. The major role that
dynamics plays in these reactions may be contrasted with our
earlier conclusions on the MnO;—MnO* +0, reaction,
which were that energy disposal was largely kinematically
controlled. Perhaps the difference originates in the way that
ionic forces in the MnF reactions can better serve to separate
energy release in the entrance and exit channels.

on - axis

long-range

= axis

off

short-range

FIG. 13. Orbital interactions of Mn with fat different impact parameters.

amine the geometry of each of the two Mn§tates of inter-
est (b,c) relative to the trajectory of the incoming Mn to the ¢
fluorine axis.

approach and the impact parameter could specify whic
MnF* state is produced: on-axis collineab °II;, and off-
axis orthogonac 3 .

A nearly collinear approach(i.e., nearly on-axis
approach—one with small impact parameter needed to
maximize overlap between the incoming Mp (a sd,; hy-
brid) and the end of the target E w;‘ to produce thé °II; .

In contrast, a nearly orthogonal approa¢ie., off-axis
approach—one with larger impact paramgtisrneeded for
maximal overlap of the incoming Mm; (adp,, hybrid) and
the end of the target,A 7y to produce thec °3*. So, at
first glance, small impact parameters would seem to favor

formation of b °IT; while larger impact parameters would v/;; CONCLUSIONS

seem to favor formation of 3, *.

However, as illustrated in Fig. 13, the off-axis case can ~ We have investigated the elementary chemiluminescent
actually be subdivided into two cased) orbital steering reaction of Mn with i using the molecular beam technique.
occurs(adiabatic transition and (2) no orbital steering oc- The observed spectra due to thé>*—a®3> " andb °II,
curs (nonadiabatic transition The adiabatic transition is a —a®3™" transitions were fit by varying the vibrational and
discontinuous change in the system’s evolution because abtational populations in thi andc states. Significant vibra-
orbital steering from the targétontrolled by the adiabatic tional excitation was found for both states, but the rotational
potentia), which at onset suddenly reorients the incomingexcitation was less than the prior expectations, particularly
metal’s orbitals. This is in direct contrast to the nonadiabatidor theb state. The likely cause for vibrational excitation is a
transition which is a smooth changeontrolled by the diaba- commonionic intermediate for these two exit channels.
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