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Abstract: Optical pumping state selection has been employed to study reactions of the J = 0 and 2 spin—orbit states of the
Sr(5s5p 3P°) manifold. The chemiluminescence cross sections for reaction of Sr(3PY) with Cl,, Br,, CH,Br,, and CH,I, are
found to be at least 5—10 times larger than those of the 3P state. Laser fluorescence detection was employed to study the
spin-orbit dependence of the reaction pathway leading to ground-state StBr products for Sr(*P°) + HBr and CH,Br,. An
opposite ordering of reactivity was found for this pathway, with 3P} being 2-3 times more reactive than *P. These results,
which are qualitatively and nearly quantitatively similar to our previous observations on Ca(*P?) reactions, are discussed in
terms of a dynamical model for understanding spin-orbit effects in chemical reactions.

It is now well established in the field of gas-phase chemical
kinetics that different forms of reactant energy can have signif-
icantly different effects on chemical reactivity.! A large number
of studies, both experimental and theoretical, have been carried
out to probe the effect of rotational,2™¢ vibrational,”'® and elec-
tronic energy!!™13 in promoting chemical reactions. It has also
been recognized that different spin—orbit states of a given electronic
L-S term may exhibit differing reactivities, although there have
been until recently relatively few studies in this area.

The importance of spin—orbit effects in chemical reactions might
be expected to depend largely on the energy spacings in the
multiplet. For heavy metals such as Sn(®*P;) and electronically
excited Hg(®PY), in which the spin—orbit spacings are comparable
to energy differences between electronic terms, large spin—orbit
dependences are anticipated and in fact observed.'*!® Differing
reactivities of the two metastable excited *P{, states of argon have
been observed for the excimer formation and chemi-ionization
channels in reactions with halogen compounds.'®?® The altered
ArX* excited state branching ratios have been explained as arising
from the tendency to conserve the Ar*(?P} /2.3/2) core spin—orbit
level during the collision.!%

By contrast, for atomic reactants with small spin—orbit splittings,
the different reactant spin—orbit states might be expected to be
completely mixed in the entrance channel ! leading to a negligible
spin—orbit dependence. However, adiabatic correlation argu-
ments?>? in the strong spin—orbit coupling limit predict differing
reactivities and product electronic state branching as a function
of spin—orbit state in many reactions, regardless of the energy
differences involved. For the F + HBr reaction it was possible
to understand the low reactivity of the spin—orbit excited 2P/,
state through such arguments.?* Likewise the excited 2P}, state
was found to be less reactive than the ground 2PJ /2 state in the
F + H,,2%% Br + HI,? and Br + IBr? reactions. Similar rea-
soning was also used to explain the absence of excited I 2P‘,’/z
product in several halogen atom exchange reactions.”3! In some
reactions, the height of the barrier on the adiabatic surface
connecting spin—orbit excited reactant and product atoms is low
enough to allow formation of excited product, e.g., [* + Br, —
IBr + Br* 32734

For a number of years we have been interested in chemilu-
minescent reactions of ground and electronically excited alkaline
earth atoms.'21335  For these reactions, adiabatic correlation
arguments are poor predictors of the observed electronic state
branching ratios, 7133536 and there is evidence of strong mixing
between different potential energy surfaces. In order to study the
effect of incident spin—orbit state in these reactions, we have
developed an optical pumping state selection method. In this
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technique, which we have thus far applied to the Ca *P} mani-
fold, %% a single-mode cw dye laser is tuned to one line of a
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multiplet (3S, < 3P9) to depopulate a particular spin—orbit state
and transfer its population to the other states of the manifold by
radiative transitions.

The chemiluminescence cross section o, for the reaction of
Ca(®PY) with Cl, and Br,,%7 as well as a number of alky! brom-
ides®® and iodides,* was found to depend strongly on initial
spin—orbit level J, with a reactivity orderingof J =2 > J = |
> J = 0. Within the relatively large experimental errors, 6pem
for J = 2 was about 5-10 times greater than that for J = 0 for
all these reactions. No spin—orbit dependence was found for
Ca(®*P5) + SF.* The reactive pathway leading to ground state
CaCl(X2Z*) products was also investigated for Ca(*P9) + Cl,,
and the J = 0 level was found to have the largest cross section.®
This selectivity is surprising in view of the relatively small Ca(*P%)
spin—orbit splittings (52 and 106 cm™4) and the expected strong
mixing between different potential energy surfaces. The higher
reactivity of the 3P state was also found in a pseudoquenching
model quantum scattering calculation.?

In the present paper, we use this state-selection technique to
investigate the effect of the spin—orbit state on chemical reactivity
for Sr(5s5p *P9), for which the spin—orbit spacings are somewhat
larger:#! E(CPPY-3P%) = 187 cm™ and ECP} -°P)) = 394 cm™.
We have determined the spin—orbit dependence for the chemi-
luminescence pathway in the reaction of Sr(°*P9) with Cl;, Br,,
CH,Br,, and CH,I, and for the production of ground-state halide
products in the Sr(®*P}) + CH,Br, and HBr reactions.

Experimental Section

A detailed description of the experimental apparatus has been given
previously.3”* A beam of metastable electronically excited Sr atoms!?
was irradiated with a single-mode cw dye laser beam approximately 1
c¢m from the atomic beam source and passed through a collimating slit
(3 X 6 mm) 26 cm downstream. The atoms then entered a scattering
chamber to which reactant gases were introduced at pressures (measured
with a capacitance manometer) of 0-0.8 mTorr. Emission of electron-
ically excited products or laser fluorescence detection of nonemitting
species was carried out in a zone 1.6 £ 0.1 cm downstream of the col-
limator. For the former, the chemiluminescence was observed with a
0.25-m spectrometer and cooled photomultiplier (RCA C31034-02),
while the latter measurements employed a homemade grazing-incidence
pulsed dye laser** pumped by an excimer laser (Lambda Physik
EMG53MSC).

The strontium atom has two metastable states,* 5sSp >P% and Ss4d
1D,, both of which are produced in our discharge atomic beam source.
The short radiative lifetime of the 3P{ state (20.1 % 0.4 us*’) coupled with
the long source-to-scattering chamber distance essentially rendered the
3P multiplet a two-level (3P} ,) rather than three-level system, greatly
simplifying the determination of spin—orbit-dependent cross sections. In
order to measure the latter, the spin—orbit populations were altered by
optical depletion of the P level through irradiation of the Sr* beam by
the cw laser (CR599-21 with DCM II dye) tuned to the 5s6s S, < 5s5p
3P{ line at 679.3 nm. Because of its larger incident population, pumping
of the *PY state would reduce the experimental errors in the determination
of cross sections; however, the dye laser could not be tuned far enough
to the red to reach the S, < 3PJ line at 707.2 nm.

In our previous experiments with Ca,’™* the cw laser wavelength was
centered on the pumping transition by observing the change in the beam
3p% —» 1S emission intensity. This method could not be used here because
of the short *P? radiative lifetime. Instead, a laser fluorescence detector
was set up in the scattering chamber 78 cm downstream of the source.
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Figure 1. Chemiluminescence spectrum of the SrBr A-X and B-X band
systems for the reaction of metastable Sr with Br, at 0.49 mTorr scat-
tering gas presssures. The vibrational sequences Av = v’ ~ v " for each
band system (taken from ref 55 and 56) are marked. Spectrometer slit
width was 250 um.
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Figure 2. Chemiluminescence spectrum of the SrBr A-X and B-X band
systems for Sr* + CH,Br; at 0.46 mTorr. Spectrometer slit width was
1000 pm.

A small fraction of the cw laser radiation was directed to this detector,
and the wavelength was optimized by maximizing the S, « 3PJ laser
fluorescence signal.

Laser fluorescence measurements were carried out to determine the
relative populations of the states in the incident Sr* beam. These ob-
servations were made at the same place that the reactions were detected.
The populations of the *PJ spin—orbit levels were obtained by comparing
the fluorescence signals excited by the pulsed dye laser on the 5s7s S,
<« 5s5p P, lines at 432.8, 436.3, and 443.9 nm, respectively.* For
these measurements, the pulsed dye laser was attenuated with neutral
density filters so that the fluorescence signal was linear with laser power.
Simultaneous measurements of the laser pulse energy were also made,
and the fluorescence signal normalized to constant energy. With the cw
pump laser off, the relative spin-orbit populations were determined to
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Table I. Reaction Energetics (in eV) for the Sr + RX — SrX + R Reactions

RX ADy* En(RX).? Eqryns' ¢ E.('S),? Ea(CP%)?
Cl, 1.73 + 0.09¢ 0.03 0.13 £ 0.02 1.89 3.73
Br, 1.44 £ 0.10/ 0.04 0.17 £ 0.02 1.65 3.49
CH,Br, 0.81 £ 0.16¢ 0.07 0.18 + 0.02 1.06 2.90
CH,l, 0.58 + 0.11* 0.07 0.20 % 0.02 0.85 2.69
HBr -0.35 £ 0.10 0.03 0.14 £ 0.02 -0.18/ 1.66

a DY(SrX) - DY(RX). The strontium halide bond energies employed are DJ(SrCl) = 4.21 % 0.09 eV,*” DY(SrBr) = 3.41 % 0.10 ¢V,* and DY(Srl)
=2.76 £ 0.06 eV.* ®Internal energy of the halide reagent. ¢Average initial relative translational energy, computed by convoluting the beam'? and
target gas velocity distributions (see ref 50). The Sr velocity distribution here is somewhat colder than that measured in ref 13 because the beam is
much less supersonic. ? E,4(*S) and E,,,(*P°) are the total energy available to the products for the !S and 3P? reactions, respectively. £, equals AD,
+ Ei(RX) + Eyans' + Einy(Sr). Eiy(Sr) = 0, 1.835, and 2.498 eV for the !S, *P%, and !D states, respectively.#! ¢Reference 51. /Reference 52.

#Reference 53. #Reference 54. Reference 47. /Reaction is endoergic.

be 0.83 £ 0.02, 0.001 £ 0.001, and 0.17 £ 0.02 for the =2, 1,and 0
states, respectively. The effect of optical pumping on the relative spin—
orbit populations was measured by observing the change in the pulsed
laser fluorescence signal corresponding to detection of a given spin—orbit
state upon cw laser depletion of the >PJ state. We find that optical
pumping removes all but about 5% of the original *P§ population, at
incident laser powers of 50-90 mW in a 0.4-cm-diameter beam. With
the pump laser on, the relative populations become 0.93 % 0.02, 0.001
%+ 0.001, and 0.01 £ 0.01. These populations have been normalized so
that the total *P? population equals unity when the cw laser is off. It
should be noted that the total *P? population is slightly reduced when the
3P] state is depleted because a fraction of the *PJ atoms optically excited
radiate to the P,° state, which rapidly decays to the ground 'S state. In
reporting these populations, account was taken of the ¥’Sr isotope, which
is not optically pumped by the narrow-band cw laser but is detected along
with the predominant ®¥Sr isotope by the pulsed probe laser.

Our previous studies of Ca* reactions**# showed that reactions of the
'D metastable state can yield a significant fraction of the observed
chemiluminescence. The 'D/3P? population ratio here was determined
to be 5 £ 2% by comparison of *P? laser fluorescence signals with signals
at the 5s10p P9, 5s6f 'F?, and 5s9p 'P® «— Ss4d 'D transitions at 431.4,
440.7, and 448.2 nm, respectively. Unlike for Ca, it was not possible to
measure the fraction of the chemiluminescence due to the !D reaction
by optical depletion of the !D state since the relevant pumping transition
(5s6p 'P? < 5s4d !D line at 716.9 nm) is too far to the red to be reached
by our cw dye laser. However, the Sr !D/3P? population ratio is con-
siderably less than that in our Ca* studies so that the 'D reactions should
be less important here.

Results

Chemiluminescent Reaction Products. For most of the reactants,
the exoergicity with the Sr(*P%) incident level is sufficiently large
to allow direct production of the SrX A and B electronic states
(see Table I). Figures 1-3 present chemiluminescence spectra
for the reactions of Sr* with Br,, CH,Br,, and CH,I,. The
spectrum obtained for Sr* + Cl, was essentially identical with
that obtained previously with higher spectral resolution.®> Our
spectra were taken under relatively low resolution so that only
vibrational sequences of the A-X and B-X band systems®>>® are
observed. The Srl A and B states lie very close in energy®’ so
that the SrI A-X and B-X band systems cannot be separated in
the Sr* + CH,I, spectrum.

The chemiluminescence spectra in Figures 1 and 2 for the Sr*
+ Br, and CH,Br, reactions are significantly different, even
allowing for the different spectral resolutions with which the
spectra were taken. This suggests dissimilar SrBr* product vi-
brational excitation, as would be expected from the differing
exoergicities (see Table I). The most prominent features are the
Av = 0 sequences for Sr* + CH,Br, (Figure 2), while a significant
portion of the emission is in the off-diagonal sequences (partic-
ularly Av = +1 and +2) for Sr* + Br,. Because these electronic
transitions involve the promotion of a nonbonding electron,’® the

(55) Brinkmann, U.; Schmidt, V. H.; Telle, H. Chem. Phys. Lett. 1980,
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Figure 3. Chemiluminescence spectrum of the SrI A-X and B-X band
system for Sr* + CH, I, at 0.47 mTorr. Spectrometer slit width was 1000
um. Band-head positions were taken from ref 57.

Franck—Condon arrays are expected to be diagonal for low vi-
brational quantum numbers. However, as the vibrational exci-
tation increases, off-diagonal sequences will become more im-
portant. Thus, we infer from Figures 1 and 2 a higher SrBr*
vibrational excitation from the Sr* + Br, reaction than for Sr*
+ CH,Br,, although it is not possible to make quantitative es-
timates for either reaction.

In our previous studies,!21337:3940 we were able to determine
absolute chemiluminescence cross sections by comparison of the
emission intensities of the chemiluminescent products and the
radiating reactants. However, because of the short >P{ radiative
lifetime* and long source-to-observation-zone distance, the *P}
—> IS emission signal at 689.4 nm does not accurately reflect the
3P0 population. This signal arises almost entirely from collisional
intramultiplet mixing from the other spin—orbit levels. As evidence
for this, we note that when the *PY was optically pumped with the
cw laser tuned to the 3S; < *P9 transition at 688.0 nm, the *P}
— IS emission signal actually increased slightly, while this signal
decreased when the *PJ level was optically pumped. Furthermore,
the emission intensity was observed to be largely dependent on
the scattering chamber base pressure.

Even though absolute chemiluminescence cross sections could
not be calculated, comparison of integrated chemiluminescence
intensities indicates that the cross sections for the Cl; and Br,
reactions are about 25 times greater than for CH,Br; and CH,I,.
These relative values are similar to those observed for the cor-
responding Ca reactions,?>40

To determine the dependence of the chemiluminescence cross
sections on reagent spin—orbit state, the change in the emission
intensity when the *P was optically pumped was recorded. To
minimize the scrambling due to collisional intramultiplet mixing,
the scattering gas pressures were kept below 0.6 mTorr. With
the cw laser off, the chemiluminescent signal Sg.x can be expressed
as

Ser = k(017(70 + 08302) (1)

where ¢, is the chemiluminescence cross section for Sr *PJ atomic
reactant and k is a proportionality constant which includes the
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Table II. Observed Changes R, in Reaction Product Signals when
the Sr(*P,°) State is Optically Depleted

chemiluminescence signal

ground-state

reagent product A-X B-X

Cl, a 1.090 £ 0.006 1.075 £ 0.015
Br, a 1.084 + 0.004 1.083 % 0.006
CH,Br, 082001 1.08 % 0.0 a

CH,l, a 1.096 + 0.012%

HBr 0.71 £ 0.01 ¢ ¢

“Not measured. ®Srl A and B states not resolvable. Not energet-
ically accessible.

Table III. Ratio o4/, of Cross Sections for Production of Specific
SrX Product Electronic States

g0/ 03
reagent X 23+ A% B 23+
Cl, a 0.14 £ 0.17 0.22 £ 0.19
Br, a 0.17 £ 0.17 0.18 £ 0.17
CH,Br, 1934036 0.19£018 a
CH,, a 0.12 % 0.18¢
HBr 3.08 + 0.54 d d

9Not measured. ?Lower limit because of cascade contribution from
chemiluminescence channels. ¢Srl A and B states not resolved. ¢Not
energetically accessible.

total number densities of the reagents, detector quantum efficiency
and geometrical viewing factors, etc. We have included in eq.1
the relative incident spin-orbit populations reported in the Ex-
perimental section. The 'D reaction has also been assumed to
produce a negligible contribution to the chemiluminescence.
When the *P§ state is optically depleted, the signal changes by
a factor Ry, and the observed signal S's;x can be expressed as

S%x = RoSsix = k(0.0104 + 0.934,) 2)

Equations | and 2 can be solved to yield directly the ratio oo/,
of the chemiluminescence cross sections with J = 0 and 2 reactants:

00/ 02 = (0.93 — 0.83R,) /(0.17R, — 0.01) (3)

Spin-orbit effects were studied for the chemiluminescent
pathway of the Sr(*P) reaction with Br,, Cl,, CH,Br,, and CH,I,.
In all cases, the spectra exhibited no noticeable change in shape
when the *PJ state was optically depleted. However, the chem-
iluminescence intensities significantly increased when the pump
laser was turned on. Table II presents the measured R, values
for the reactions studied; within the experimental errors all the
ratios are the same.

The data in Table II were used with eq 3 to calculate the
cross-section ratios og/¢,, which are reported in Table III. The
reported uncertainties were obtained from a propagation of errors
treatment.® The principal source of error in these measurements
arises from the uncertainties in the Sr(*P°) spin—orbit populations.
The effect of initial spin—orbit state on the A-X and B-X chem-
iluminescence pathways for the four reactions studied are similar
and substantial. The J = 2 spin—orbit state is much more reactive
for this pathway than the J = 0 state, with ¢, at least 5 times
greater than gy. This ratio is actually a lower limit because it
was not possible to measure the contribution of the 'D reactions
to the observed SrX product signals. However, in view of the
smaller !D/3P? population ratio for Sr* in these experiments as
compared to this ratio in our earlier Ca* studies,?® we estimate
the neglect of the !D reaction to contribute a systematic error to
o9/ o, roughly equal to the uncertainities reported in Table III.
Here we have assumed the ratio of the Sr !D and 3P° chemilu-
minescence cross sections is comparable to that previously mea-
sured®# for the corresponding Ca* reactions. The uncertainties
in o/ ¢, could be significantly reduced if the 3P, rather than *PY,
spin—orbit level were optically pumped because of the much higher
incident population in the former.

(60) Bevington, P. R. Data Reduction and Error Analysis for the Physical
Sciences; McGraw-Hill: New York, 1969.
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Figure 4. Laser fluorescence excitation spectrum from 630 to 660 nm
of the SrBr A-X and B-X band systems for the (a) Sr + CH,Br,, (b)
Sr* + CH;Br;, and (c) Sr* + HBr reactions. The scattering gas pressure
was (a) 0.68, (b) 0.70, and (c) 0.50 mTorr, respectively. The ordinate
scale is arbitrary, and relative intensities of the different spectra cannot
be compared.

Ground-State Reaction Products. The SrBr reaction product
formed in the ground X2Z* electronic state was investigated by
laser fluorescence detection in the A-X and B-X band systems
for the Sr* + HBr and CH,Br, reactions. For the latter, formation
of ground-state products is energetically allowed for ground 'S
atomic reactant, as well as for the metastable excited levels (see
Table I). Figure 4 presents laser fluorescence excitation spectra
for the reaction of CH,Br, with (a) ground-state and (b) meta-
stable excited Sr atoms taken under single-collision conditions.
The vibrational sequences of the A—X and B-X band systems are
clearly observable in the Sr('S) + CH,Br, spectrum. In slower
scans, individual band heads are also discernable. Previous studies
of analogous reactions, both by laser fluorescence®$? and
crossed-beam mass spectrometric studies,5® suggest that a sub-
stantial fraction of the exoergicity will appear as SrBr internal
excitation. We have not attempted a detailed analysis of the
spectrum to extract a vibrational distribution. However, from
the shape of the sequence features, the distribution appears in-
verted, with a maximum population near v = 18 £ 2; the energy
of this level represents 45% of E,,('S).

The spectrum in Figure 4b for Sr* + CH,Br, is considerably
different than that in Figure 4a. The features corresponding to
the Sr(!S) reaction are considerably reduced in intensity because
of the conversion of ground-state atoms to the metastable Sr-
(®°P%,ID) excited levels in the discharge within the atomic beam
source. The most prominent features in the spectrrum at 642.6
and 654.1 nm are due to highly vibrationally excited SrBr products
from the excited-state reactions. Note that E,,;(*P°) represents
about 78% of the SrBr bond energy so that the reaction products
can be produced with substantial internal excitation. We hesitate
to assign these features in Figure 4b to particular vibrational
sequences because the SrBr band systems have been analyzed only
for low vibrational bands.***” By analogy with SrCl,5 heads of
heads are expected to occur in many sequences so that it is not

(61) Rommel, M.; Schultz, A. Ber. Bunsenges. Phys. Chem. 1977, 81,
139-142.

(62) Chakravorty, K. K.; Bernstein, R. B. J. Phys. Chem. 1984, 88,
3465-3472.

(63) Lin, S.-M.; Mims, C. A.; Herm, R. R. J. Phys. Chem. 1973, 77,
569-575.
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possible to extrapolate the band positions to high vibrational levels.

Figure 4c illustrates the laser fluorescence spectrum for Sr*
+ HBr. The ground-state Sr(!S) + HBr reaction is endoergic,
and no reaction product was detected when the discharge in the
beam source was turned off. The SrBr spectrum in Figure 4c is
very similar to that in Figure 4b for the corresponding CH,Br,
reaction, with prominent features at 644.8 and 654.4 nm.

While we cannot assign the features observed in the laser
fluorescence spectra for the Sr* reactions, we may nevertheless
measure the changes in intensity upon *PJ optical pumping to
determine the effect of incident spin—orbit state on the ground-state
reaction product pathways. The Sr(®*P°%) + HBr reaction is
particularly convenient for study since the corresponding Sr(!S)
reaction is endoergic. Hence, no correction needs to be made for
the latter, as was necessary in our study’? of Ca(*P%) + Cl,. Also,
there is no chemiluminescence to obscure the laser fluorescence
signal. The change Ry in the laser fluorescence signal when the
3P§ atomic state was optically depleted was measured at two laser
excitation wavelengths (644.8 and 654.4 nm) for the Sr(°P%) +
HBr reaction. The R, ratios determined were identical within
experimental error; the resulting value is reported in Table II.
Equation 3 was then used to determine the ratio o/, of cross
sections for formation of ground-state products from the *P$ and
3PJ reactant states; the derived value of g/, is presented in Table
III. We have assumed that the 'D reaction yields negligible
ground-state SrBr product.

The determination of the spin—orbit effect for the ground-state
reaction pathway of Sr(*P% + CH,Br, is complicated by
ground-state products from the exoergic Sr('S) + CH,Br, reaction,
as well as radiative decay of chemiluminescent products into the
ground electronic state. The contribution of the !S reaction to
the observed SrBr laser fluorescence signal was determined in the
following way. The reduction in the Sr(!S) concentration in the
atomic beam when the discharge in the source was turned on was
measured by observing the change in the laser fluorescence signal
excited by the 'P? < 1S line at 460.9 nm with no scattering gas
present. It was found that the !S density is reduced to 45 = 5%
of its original value when the discharge is turned on. The SrBr
product laser fluorescence signal was measured with the source
discharge off, and 45% of that signal was subtracted from the
corresponding signal measured with the discharge on to correct
for the contribution from the 'S reaction.

The change Ry’ in the laser fluorescence signal upon *P$ optical
depletion without correction for the 'S reaction was measured to
be 0.83 £ 0.01 and 0.90 = 0.01 at laser excitation wavelengths
642.6 and 654.1 nm, respectively. The larger Ry’ value at the latter
wavelength reflects the greater !S contribution to the laser
fluorescence signal (see Figure 4). The corrected ratio R, for 642.6
nm is reported in Table II. This result was deemed more reliable
than that for 654.1 nm because of the smaller 'S contribution.
However, R, for the latter (0.85 + 0.03) was virtually identical
but with a larger uncertainty. In Table III we report the
cross-section ratio oo/ a,, obtained by using eq 3, for this reaction
pathway. We see that for both Sr(*P?%) + HBr and CH,Br, the
dependence of the cross section on incident spin—orbit level for
the formation of ground state products is opposite to that for the
chemiluminescence pathway. For the former, the P state has
a larger cross section than for 3P, as was also found previously
for Ca(®P%) + Cl1,.® Because of the opposite ordering of reactivity,
the cascade contribution to the ground-state SrBr product signal
from the chemiluminescence pathway will alter the o,/ 0, ratio
observed for the ground-state product pathway. We expect this
to be only a small correction because most reactive events lead
to products in the ground electronic state,!1-39:40

Discussion

In this paper, we have found that the dependence of reactivity
on incident spin—orbit state for the Sr(5s5p *P% manifold is similar
qualitatively and nearly quantitatively to that previously seen for
the analogous Ca(4s4p *P°% multiplet,3”-* at least for reactions
involving simple halide reagents. Specifically, the chemilu-
minescence cross sections for reaction of Sr(’Pgl) with Cl,, Br,,
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Figure 5. Correlation diagram for the interaction of Sr(*P%) with a
diatomic halogen molecule in the preferred C,, geometry, illustrating the
connection between the case e states at large separations with the case
a states.

CH;,Br,, and CH,I, are found to be at least 5-10 times larger
for the higher energy J = 2 spin—orbit level than for / = 0. An
opposite ordering of reactivity was found for the reaction pathway
leading to ground-state SrBr products in the Sr(*P®) + HBr and
CH,Br, reactions. Here the *P] spin—orbit level has a reaction
cross section 2-3 times larger, depending on the reaction, than
for *P. This reversal of reactivity confirms a similar, but less
precise, observation®® for Ca(*P%) + Cl,.

Because of the relatively low ionization potential of Sr(*P?),
the dynamics of these reactions are expected to involve charge
transfer to an ionic surface. As Sr(*P%) approaches the reactant,
but before charge transfer has occurred, electrostatic interactions
will cause a splitting into several covalent surfaces, depending on
the orientation of the unpaired p electron of the metal atom with
respect to the nuclear framework.>%3” When the separation be-
tween the reagents is large, the atomic spin—orbit splitting is greater
than either the electrostatic interaction between the reactants or
the rotational (centrifugal) energy so that the atomic L and §
vectors couple to form J, which remains a good quantum number,
defining a Hund’s case e representation.% At smaller separations,
the electrostatic interaction becomes dominant, and the wave-
functions are better described by a Hund’s case a basis,’* wherein
the projections of angular momenta along a molecular axis are
well defined. Conceptually at least, we can think of the trans-
formation from case ¢ to case a as occurring via a case ¢ repre-
sentation, as illustrated in Figure 5 for the interaction with a
diatomic halogen molecule in the preferred C,, approach geometry.
We see that the lower energy spin—orbit states adiabatically
correlate with the lower energy electrostatic surfaces. In Alex-
ander’s pseudoquenching model calculation®? on Ca(*P%) + Cl,,
such adiabatic correlations represented reasonably the ordering
of reactivity of the spin—orbit levels, in spite of the relatively small
fine-structure splitting. Since the different electrostatic surfaces
are expected to display different reactivities, the evolution of the
3PY states to differing mixtures of case a states will lead to an
observed spin—orbit effect in a chemical reaction.

The reversal of spin—orbit reactivity for the chemiluminescence
and ground-state reaction pathways can be explained as arising
from the selective removal of flux at the outermost ionic—covalent
crossing. Chemiluminescent products are formed in those en-
counters for which this crossing in traversed without electron
transfer and excited ionic surfaces are accessed.***” Since *P)
reactants yield ground-state products with lowest probability, they
are most likely to reach these ionic surfaces, from which elec-
tronically excited products are formed. Because of the multitude
of excited ionic surfaces correlating to excited M(np,(rn—1)d)* ions,
we do not expect any symmetry restrictions at the crossings of
the covalent and excited ionic surfaces.

It is interesting to speculate on the differences we might expect
for the spin—orbit dependence of atomic reactants of different

(64) Herzberg, G. Molecular Spectra and Molecular Structure. 1.
Spectra of Diatomic Molecules; D. Van Nostrand: Princeton, 1950.
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fine-structure splittings. Since the reagents approach one another
with a finite velocity, the wavefunction corresponding to a single
incident spin—orbit level nonadiabatically builds up amplitude on
more than one electrostatic surface at smaller separations. In
nonreactive systems this mixing causes collisional transitions
between the fine-structure levels.>® In a semiclassical description
of this process,*>65% the range of separations at which this mixing
occurs is around that for which the electrostatic splittings equal
the spin—orbit splittings. Since the latter is larger for Sr(*P%) than
for Ca(*P%), the nonadiabatic mixing arises at smaller separations
for Sr. In the extreme case of Hg(*P%) the spin—orbit splitting
is so large that the collisions are almost entirely adiabatic.!>"
We would thus expect the spin—orbit effect in Sr(°P°) reactions
to be larger than those involving Ca(’P?).

(65) Nikitin, E. E. Adv. Chem. Phys. 1978, 28, 317-377.
(66) Alexander, M. H.; Orlikowski, T.; Straub, J. E. Phys. Rev. A 1983,
28, 73-82.

Unfortunately, the experimental errors are large, but at least
for the ground-state reaction pathway it appears that there is a
somewhat greater spin—orbit selectivity in Sr(*P°) reactions, if the
present results are compared with the previous results®® for Ca(’P?)
+ Cl,. For the chemiluminescence pathway, the dependence on
spin—orbit state appears quite similar to within experimental error
for all the Ca(®P?)?73940 and Sr(®°P?) reactions studied, with the
one exception of Ca(*P%) + SF,, for which all the spin—orbit levels
had about the same chemiluminescence cross section.*® Perhaps
more precise measurements of the spin—orbit dependent cross
sections would reveal some differences between the Ca(*P°) and
Sr(®P%) reactions.
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Temperature Dependence of the Lifetime of Excited Benzyl
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Abstract: The temperature dependence of the fluorescence lifetime of benzyl, benzyl-d,, a-methylbenzyl, and triphenylmethyl
radicals has been studied in 2-methyltetrahydrofuran from 77 to 300 K. Temperature independent and unusual temperature
dependent relaxation pathways are observed for the excited states of all four radicals. Activation energies for the tempera-
ture-dependent relaxation process are ~ 1400 cm™! for all these radicals, and frequency factors are in the range of (2-20)
X 10M 571, For Ph;C radicals, the temperature-dependent process leads to observable photochemistry. However, no photochemistry
is observed to result from the thermally activated relaxation of benzyl radicals. Possible pathways of these nonradiative decay
processes are discussed and contrasted with the weak temperature dependence for the relaxation of diphenylmethyl radicals.
It is proposed that the temperature-dependent route for the radiationless decay of benzyl radicals results from differential
vibronic mixing of the two excited states, the 12A, and 22B, states. Most efficient in that mixing seems to be C—C stretching

vibrational modes.

Photophysics and photochemistry of short-lived radicals in liquid
solutions have recently become a focus of renewed interest.'” In
a typical experiment, radicals for such studies are produced by
a preliminary pulse (using either pulse radiolysis'2 or laser flash
photolysis3®) and are excited shortly thereafter by another laser
pulse. With use of such a double-pulse technique, the photophysics
and photochemistry of a series of arylmethyl radicals have been
recently studied in a variety of liquids at room temperature.!2
These studies revealed that the lowest excited doublet state of
diphenylmethyl, Ph,CH?*, is remarkably long lived and is highly
emissive (r = 280 ns, &y = 0.3). While no intramolecular pho-
tochemistry was observed for Ph,CH?*, high yields of intramo-
lecular photochemistry (¢py, ~ 1) were observed for the substituted
Ph,CR* (R = Ph, Me, or c-Pr) radicals. An electrocyclic ring
closure, resulting from an increased twist angle of the phenyl rings
out of the central molecular plane, has been proposed® to ra-

*Work performed under the auspices of the Office of Basic Energy Sci-
ences, Division of Chemical Sciences, U.S. Department of Energy, under
contract No. W-31-109-ENG-38 (ANL) and No. DE-AC02-76ER00038
(NDRL). This is also Document No. NDRL-2816 of the Notre Dame Ra-
diation Laboratory.

* Argonne National Laboratory.

§ University of Notre Dame.

tionalize these striking differences between Ph,CH* and
Ph,CR*.'%% Further studies have shown that neither the radiative
nor the nonradiative decay rates of Ph,CH* change appreciably
upon decreasing the temperature down to 77 K (in 2-methyl-
pentane/cyclohexane glass).® On the other hand, for Ph,CR*
fluorescence quantum yields in the glassy matrix at 77 K are
significantly higher than those for Phy,CH?* primarily due to higher
radiative decay rates. However, at room temperature and in the

(1) Bromberg, A.; Schmidt, K. H.; Meisel, D. J. Am. Chem. Soc. 1984,
106, 3056.

(2) Bromberg, A.; Schmidt, K. H.; Meisel, D. J. Am. Chem. Soc. 1985,
107, 83.
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