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The theory of the rotational effects on radiationless transitions in typical azines is extended to include
the hyperfine (hf) interaction term, while examining their deuterium (isotope) effects on the decay behaviors
after excitation into the rotational levels belonging to their Si¢ levels, i.e. their ground vibrational levels of
S: states. The Fermi-contact hf term is shown to be enough to endorse the coupling between rotational levels
that are different either in symmetries or in some angular-momentum quantum numbers. The deuterium
(D) effect is found to be not simply described as a conventional isotope effect: Changes by D substitution
are brought about in densities of triplet states and hf coupling terms, as well as molecular symmetry groups.
While interpreting the experimental data, modifications of the schemes are made from those presented earlier

in this series.

Rotational effects on radiationless transitions in
azines such as pyrazine and pyrimidine have been the
subject of numerous studies, and further discussion is
required by many unexplained results. In this series of
Parts [—III,2~* I have tried to interpret the experimen-
tal data in a unified form.

In Part 1,2 the peculiar fluorescence depolarization
after R branch excitation of 0§ 'B; pyrimidine>® was
interpreted by using AJ=0 and/or %1 coupling schemes
within a singlet manifold. The hyperfine coupling (hfc)
was introduced to assure |AJ|=1. (However, actual
evaluation of the hfc matrix element in this paper indi-
cates AJ=0 in addition to |AJ|=1 (Section 2.1).) The
importance of the molecular symmetry group (MSG)
was also noted.

In Part II,> a general theory of radiationless tran-
sitions to describe the rotational effects was presented,
by using a Green-function technique on a multiple num-
ber of doorway states. According to the formalism and
based on molecular-eigenstate (MES) spectra,” the typ-
ical intermediate-case (i-c) decay behavior of pyrazine
after picosecond-laser excitation into lower rotational
levels belonging to its Sio level® was examined. What
is called axis-switching,>!? i.e., the intensity mixing
mechanism between rotational levels due to electronic-
state dependencies of Eckart equations (different from
the conventional state mixing by the perturbation),
was appreciated as a prerequisite for multiple doorway
states and was used in a model calculation of this sub-
ject. Thus, the enigma,” i.e. the difficulty in consis-
tently interpreting the whole experimental data, was
solved. (Modification of this theory is also done in this
paper (Section 3.3).)

In part II[,*Y the Zeeman effects observed in both the

systems (pyrimidine'’'® and pyrazine”'* 7)) were

examined to see the adequacy of the theoretical frame-
work. The results were positive. By choosing a best
experimental framework with a polarizer set parallel to
the magnetic field and assuming an isotropic Zeeman
hamiltonian, the Zeeman effect on the formalism was
found to be not very significant. Namely, the external
magnetic-field effect on the decay behavior was recog-
nized to be an incoherent superposition of 2J+1 indi-
vidual processes that were dependent on the quantum
number mj;. Experiments with the best framework by
taking account of polarization were urged.

In this paper, the theory of the rotational effect on ra-
diationless transitions in typical azines is extended to in-
clude the hyperfine (hf) interaction term and to examine
the deuterium (isotope) effects on the decay behaviors
after excitation into the rotational levels belonging to
their Sig levels. That is, this paper aims at conclud-
ing the discussions of the Si¢ levels of the azines, while
picking up the data that belong to the title subject but
not discussed so far in this series. Therefore, discussions
of other compounds as well as of intramolecular vibra-
tional energy redistribution (IVR) and of intramolecu-
lar vibration-rotation energy transfer® are left for fu-
ture study.'® This is the reason why double subtitles
are used. Actually, the former the effects of hfc, have
been discussed already in Part I. Hence, in this paper,
only its explicit matrix element is presented in a form to
be compared with that of the Zeeman term in Part III
and naturally to introduce the total angular momentum
F=N+S+1 as another cast. Based on this, a com-
plementary discussion to those given in Parts I—III is
made, as announced.?—* Therefore, besides discussion
of the major subject, i.e. the dynamics of S1¢ levels in
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deuterium (D) substitutes of both azines, some modifi-
cations in the theory are made.

In Section 1, new kinds of experimental data as were
not discussed in Parts I—III are introduced, such as re-
sults on the D effect picked up from a few papers pub-
lished so far,'?1922 and that of the most recent paper
on hf interaction in pyrazine,?® are described briefly.
The knowledge of the D effect in condensed phases!®?%
is outlined as well.

A general theoretical consideration is made in Section

"2 on the influence of D substitution upon the decay of
azines. The density of triplet states p; may be the most
important factor affected by D substitution. It may
also make differences in the values of matrix elements
for Hyo and Hso®Hypo->~*?Y The explicit matrix el-
ement for the hfc is derived and evaluated to give rise
to selection rules that are to be compared with those as
stated in the previous papers.2—* Furthermore, lower-
ing of symmetry in view of MSG is pointed out, causing
skepticism about the use of the perturbational picture
for the D effect.

In Section 3, case-by-case discussions on the observa-
tions in several D substitutes of the azines are made.
Actually, the D effect cannot be discussed in terms of
the isotope effect in such a systematic way as applied
for molecules in the condensed phase. Besides D effects
on the density of triplet states and hf terms, MSG is
found to play a crucial role. The contribution of the
Zeeman effect on these is also discussed to account for
the general decay behavior of azines including the data
treated in Parts [—III. By the way, successful inter-
pretation of the experimental data, that seem to have
been regarded as curious, by this theory may be taken
as more evidence to support the theoretical framework
of this series. Finally, reinterpretation of the fast flu-
orescence decay components for smaller J is made to
be consistent with the modified version of the selection
rules.

1. Description of the New Experimental Data
on the Title Subject

The experimental data on the Sip levels of azines just
correspondent to the title of this paper are described in this
Section. Only those that were not the subjects for discussion
in Parts I-—III are picked up.

1.1 Pyrimidine-dy. The title molecule seems to be
the only D substitute of pyrimidine so far reported. Un-
fortunately, no observation was made (tried?) on the MES
spectra of this compound. External magnetic-field effects
on the rotational-state dependence of fluorescence in this
molecule was examined by Ohta (and Takemura).**?% Com-
paring this to the same kind of experiments on isotopically
unmodified pyrimidine (pyrimidine-do),**'*® the major D ef-
fect appears to be a decrease in polarization and an increase
of the contribution from the quantum beats (gb’s). Some
complexity such as a partial enhancement of fluorescence
(by the magnetic field) is also noted. Somehow, the main
factor of the D effect seems to be the increase in the p;.!?

Rotational Effects on Radiationless Transition

1.2 Pyrazine-d, (n=1,3,4). 1.2.1 MES Spectra for
n=1,3: Though restricted on a few rotational levels, MES
spectra were observed for pyrazine-d; and -ds (Apparently,
the trial for -ds failed).?") The major effect of D substitution
is the decrease in intensities depending on the number of D
atoms and the rotational quantum numbers, J and K. The
effect cannot be simply ascribed to the increase of triplet
density of states, Jp; as a function of J (Subsection 2.3.2)
that obscure the structure.®) Rather, an actual decrease in
intensity and/or increase in the width of the bunch® with
the J, K dependence should be assumed. This significant J,
K dependence was ascribed to the nonradiative decay due
to Coriolis coupling.?!?>

1.2.2 The fast Fluorescence Decay Component for
n=4: Felker and Zewail?® observed the D effect on the
fast decay components of pyrazines in a vapor phase. The
lifetimes were ca. 110 ps and ca. 80 ps for -dy and -d4, re-
spectively. An inverse D effect>”?®) was noted.

1.2.3 External Magnetic-Field Effect for n=4:
Practically the same kind of experiment was done in pyr-
azine-ds*% as in pyrazine-do,'® using the laser with a co-
herence time 7. <1 ns® for excitation. Though complex, an
increase of the i-¢ behavior by D substitution, due to the
increased p;, appears to be predominant. Concerning its
Zeeman effect, a novel field-induced mixing between T; and
T, with the <T1|H" |To> (cc<7t]éy|n >0 by Eq. 2 of Part
1) matrix element was suggested.4’22‘24) As a reason for this
suggestion, they pointed out the decrease of the lifetime of
the slower component caused by the magnetic field. This
will be discussed later (Section 3.2.3).

1.3 A New Evidence of hf Interaction in Pyra-
zine (-dp). Contribution of the hf interaction in pyrim-
idine was already noted while interpreting such as distribu-
tion patterns of MES’s, anisotropic polarization gb’s, and
polarization decay.2’5’6’13) In the case of pyrazine, only in-
direct evidence had been pointed out, in the number (N)
or densities (p) of MES’s and the rate constants of the
fast decay components that are almost independent of J
(=1—7), probably accompanying depolarization.®"%2% Re-
cently, however, Willmott and Bitto did quantum-beat spec-
troscopy using Fourier transform-limited laser pulses and
detected anisotropic polarization gb’s corresponding to the
hf splittings of the order of ca. 500 kHz, for the levels with
J=0, 1.2 Thus, the “enigma” (e.g., too many N) was par-
tially solved as suggested.>”

1.4 The D Effect in Condensed Phase. Not
many experiments have been done on the D effect in both
azines.!®) Therefore, what we can do is to apply the general
theory of the D effect>”?®) upon the information for azines
in the condensed phase!®?* (Section 2.2).

2. Theoretical Framework

This Section is devoted for extending the theoretical
framework, presented in Part II and modified slightly in
Part III, to apply to the interpretation of the D effect.
As introduced, this paper also aims at concluding the
discussion of the S;q levels of the azines. However, full
reformulation of the framework as presented in Part IF
is not given here. Only factors for modification are dis-
cussed. Accumulation of more quantitative data may
give us an opportunity to build a fully revised formal-
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ism for a better model calculation.

2.1 Effects of the hf Interaction.  The impor-
tance of the hf interaction has been pointed out already
in Part I to account for the |[AJ|=1 coupling. The
hf matrix element that may have the largest contribu-
tion, i.e., that of a Fermi-contact (F-C) term may be
pointed out, as assumed for smaller molecules such as
propynal®®” and glyoxal.3") If we restrict it to a single
kind of nuclear species (including the environment), the
hf hamiltonian (e.g., Eq. 29 of Ref. 31) is approximately
represented in terms of tensor operators on total nuclear
and electron spin angular momentums, I and S as®?

Hygs = apc TH(1)-TH(8). (1)

It has to be noted that the assumption of the single nu-
clear species is only for convenience and not strictly ap-
plied to these systems even for pyrazine-dy and -ds. (A
N nucleus has spin 1.) Therefore, care has to be paid
to the actual use of the matrix elements derived below.
Thence, applying the angular momentum theory,** the
non-zero matrix element is given as follows:

<toNKSJmjImiFmp|Hus|toNKSJ my' Im; Fmp>=
_ I 1 I
= —-1)P(-1)f ™
5y ] (RS

[I(T+1)(2I+1)]/*x

gem,( J 1 T
X(—l) ( —-m; p mJ! )
[(2J41) (2 +1)]/2[S(S+1) (25+1)] /2

N S J
><(_1)N+S+J+1{ Lo }; S=1. (2)

By comparing this hf term with the Zeeman term (Eq.
4 of Part IIT), they are recognized to be practically the
same as stated earlier (Part I), i.e. non-zero only within
the common rovibrational states |tv> with, e.g. AJ=0,
+1. Selection rules for the other quantum numbers are
Am;=0, £1 and Am =0, £1 dependent on the values of
AJ and a common parameter p=0, +1 (Am;+Am;=0,
regardless). The only difference is the natural introduc-
tion of the quantum numbers, F'and mg. (Once hfc was
introduced, the system had to be described for these.)
Namely, the matrix element is on the basis of nuclear
spin-decoupled Hund’s case (b),*3

| to((NKS)Jmy)Imr)Fmp > . (3)

Therefore, what has been analyzed without invoking
the F and mp quantum numbers®>—* has to be modified
and reinterpreted as a consequence of incoherent super-
position of coherent excitations of blocks of MES’s,®
expanded on these bases. The conclusions derived in
Parts I—III without F' and mg should be regarded as
concerned with the averages on these. Thus, gb’s due to
coherent excitation of states with various F’s (and mg’s
under the external field) would be automatically intro-
duced. Optical selection rules about these quantum

‘to compare with the case for the smaller molecules.
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numbers are A F=0 (F'#0),£1 and Amp=0 (mp#£0), £1
(under the external field).” Especially, coherent excita-
tion with AF=+1 & —1 is a cause of the anisotropic
polarization gb (Section 1.3). If excitation is spread
over more eigenstates, polarization decay as dephasing
of gb’s would be observed, ultimately. This is what was
reported and analyzed semi-quantitatively.2>® How-
ever, we cannot proceed further: even if we derive the
equations as described above, not much discussion can
be made for azines with lack of finer experimental data
30,31)
By the way, introduction of various apc’s as many as the
kinds of nuclear species does not much modify the gen-
eral conclusions derived above and to be drawn below,
in spite of the requirement for more complex equations
than these.??

With the knowledge acquired in the preceding para-
graph, we are now ready to discuss the intensity mixing
mechanism assisted by Hygs (Hsi) as stated in Part II.
Among various alternatives,") the s-t-¢-#'-s' coupling
scheme with Hso® H,,® H5;® Hso, i.e. by a combina-
tion of spin-orbit couplings, vibration-rotation interac-
tion, and hyperfine interaction appears to be most im-
portant (for the case of pyrimidine).?* This is similar
to one of the “AJ=1" schemes shown in Table 1 of
Part 1.2 However, the following reservations should be
accepted:

(1) Axis-switching between So and S; is not di-
rectly involved in this scheme. Rather, that between S;
and T; appears to be important for the evaluation of
{<s|Hso|t>}, though its effect may not be well distin-
guished from that of {<t|Hy,|t'>}.?

(2) Accordingly, besides the selection rules on the
other quantum numbers, AJ=0 & +1 is allowed due
to Eq. 2, against |AJ|=1 in the previous scheme.?

(3) Though we now allow different symmetries about
I'; and Iy, for s and §', we still require the common total
symmetry I}, for them. This is still a severe restriction
for levels with lower J. (See, for example, Fig. 1 of Part
1 drawn for the case of pyrimidine; where superscript
+ of Jk, k., ET for K.=0 at three locations should be
removed, giving rise to Jjo, E with J=0—2.)? Cor-
respondingly, the following summary of selection rules
can be made for the major angular-momentum quantum
numbers: (i) AJ=0, AN=0, £1, and AK=0, £1, £2
for {<s|Hsolt>};%¥ (i) AJ=0, £1, AN=0, and AK=0
for {<t|Hsi|t'>} (Eq. 2), only in the case of Av=0; (iii)
AJ=0 and AN=0 for {<t|H|t'>}.**¥ This may be
taken as an addendum to Part L

2.2 D Effects in Molecules without Rotation
(in Condensed Phase). The theoretical study
on this subject may be regarded as almost finished as
can be seen by following many review papers includ-
ing Refs. 19, 24, and 28. Here, conclusions on both
molecules only are described:

(1) Pyrimidine. In this molecule, the Herzberg—Teller
(expanded) spin-orbit coupling (HTSOC) mechanism®®
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is usually considered to be predominant, that is, both
electronic (matrix elements, <S;|Hso|T1>) and vi-
brational (Franck—Condon-weighted density of states)
terms decrease upon D substitution (normal D ef-
fect).1924)

(2) Pyrazine.
state nearby S; is noted at least in polar systems.
Therefore, the non-Born-Oppenheimer spin-orbit cou-
pling (nBOSOC) term by Hso® Hypo?*® is important
to cause the inverse D effect.24:27:28)

2.3 D Effects for the Isolated Molecules with
Rotation. 2.3.1 D Effects on the Axis-Switch-
ing: With lack of experimental data, especially in
D substitutes, we cannot discuss this subject quan-
titatively. However, some decrease in the rotational
constants,'” i.e. in AEy® by D substitution, suggest
a non-negligible increase in the axis-switching between
nearby rotational levels. For, its total effect including
the Av##0 term, i.e. full contribution of axis-switching
within the zero-point vibrations in the ground state may
not be so significant as in the H,, (Section 4.1 of Part
I1).*) This situation is to be compared to the D effect
on the energy gap law in the radiationless transition
predicting an inverse D effect for smaller AE;s with 4,
f representing the initial and final electronic states, re-
spectively (under the Condon approximation).?®

2.3.2 D Effects on the Triplet Density of
States, Jp;: The conclusion in Section 2.2 is only
for the condensed phase and may not be applied for
systems not in the statistical-limit case, like both the
azines. The most significant is the factor that decides
the choice between the small-molecule-limit (s-m-1) case
and the intermediate case (i.c.), namely the triplet den-
sity of states,2—*

In this molecule, existence of a Ty
36,37)

e pll) o m (3/0)(2T +1)py. (4)

The major factor subject to the D effect in this equa-
tion is the vibrational level density p, (increase by a
factor of <10 for the small difference of the electronic
energy AEst? in molecules like both azines'?) that
would bring about the apparent inverse D effect by let-
ting the fast decay component become more significant
than gqb’s.?) The ¢ is a (nuclear) symmetry number not
directly subject to the D effect (Subsection 2.3.4). As
to the other factors on the s—t coupling with no de-
pendence on Euler angles,” i.e. HTSOC and nBOSOC
terms, the conclusions in Section 2.2 still apply.

2.3.3 D Effects as the Effects of hfc:  Another
aspect to be considered is the D effect observed as that
of hf interaction, which is not simply ascribed to the
increase of nuclear masses but rather to the properties of
the nuclei. It should not be taken as a common D effect
as is to be discussed, e.g., by a perturbation theory.
Two factors are considered:

(i) Density of States. Lack of a nuclear factor pp
other than the ¢ in Eq. 4 is based on the selection rules
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of AI=Am;=0 in the couplings such as <s|Hsol|t>
and <t|H|t'>.2*9 However, introduction of hfc, i.e.
<t|Hsr|t'> does require the pr due to the contribution
of |[Am;|=0 and 1 besides |[Am,|=0 and 1 subject to the
common parameter of [Ap|=0 and 1 and to the restric-
tion of Am;+Amy ;=0 with Eq. 2, which is dependent
on the nuclear spin I (Ip=1, twice of fy=1/2). There-
fore, enhancement of the inverse D effect is expected by
a factor of ¢;=Dp;/Hpr>1. This is closely related to the
o and nuclear statistical weights to be discussed in the
next Subsection 2.3.4.

(ii) Hgr Matrix Elements.  With small differ-
ences of nuclear magnetic moments indicated by
their ratios 2up/pp~~0.61 (<1) and 2un/pn=~0.29 (<
1), a little normal D effect is expected for the
F-C term (Section 2.1 with Eq. 2). The two
tend to cancel each other by the ratio (X, (vgs/
AEyy))p /(S (vprer [AEp e ))g=0.61cf, as a very
crude measure (vy 4 representing Eq. 2, Section 2.1;
the effective numbers of {¢’} may be assumed to be
proportional to p;’s). Since little experimental observa-
tion (in favor of either of these factors) is available even
for smaller molecules, we’ll assume a small (inverse) D
effect at least in this coupling, as compared to the other
dominant factors.

2.3.4 D Effects on o values (o, and o,): Fi-
nally, D effects on the o values should be discussed. The
o is the factor already introduced in Jp; (Eq. 4).27%
However, some care must be taken when we discuss the
depolarization by the axis-switching, where hfc has the
secondary contribution (Section 2.1). For that purpose,
two kinds of ¢’s, i.e., o, and o, for conventional nu-
clear symmetry- and novel rotational symmetry-num-
bers (numbers of the allowed symmetries), respectively,
are defined in Table 1, besides the values of (nuclear)
statistical weights for both azines. These are based on
the prescription by Bunker.? As discussed in Part I and
in this Section 2.1, the o, is rather important factor in
the axis-switching, at least before the contribution of
Hgzp (at t<1 ns). While the o used in Eq. 4 corresponds
to the o, named here. Anyway, Table 1 predicts no D
effect on the o values as long as the symmetry is com-
mon. (See, however, Subsection 3.2.1.) The statistical
weights and their relative values in the Table do show
a D effect that is partially reflected in the D effect on
the densities of the final states in the s-t coupling as
mentioned in the preceding subsection, though they are
not clearly discernible in the spectral shape (almost de-
generate, at low resolution).” By the way, this Table is
to be compared to Table 1 in Ref. 38, which is based
on the rotational subgroup effectively isomorphic to the
homomorphic MSG used in this series. The statistical
weights in this Table (different from those in the re-
view paper®®) are calculated based on the requirement
of quantum mechanics for the symmetry of. the total
wavefunction [j,; to be either symmetric or antisym-
metric for an inversion operation, E*.2) However, since
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Table 1. MSG’s, Statistical Weights, and Symmetry Numbers (on and o;) of the Azines

Do (M) Cav(M) Cs(M)
Pyrazine(-do) Pyrazine-ds Pyrimidine(-dg) Pyrimidine-ds Pyrazine-d: Pyrazine-ds
on 4 4 - 2 2 1 1
A, 51 Ay 216 A, 21 A, 45 A 216 A 486
Bs; 27 Bs; 162 By 15 B, 36

Biu 27 Biu 162
Bau 39 Bau 189

Or 4 (Aga Blg, B2g7 BSg)

4 (A17 A27 Bla B2)

the ratios of the statistical weights as well as o, and
oy in both Tables are common, little difference is pre-
dicted in the schemes described in Section 2.1, accord-
ing to the group theory. Only the ratio of the statistical
weights appears in the observable.” (The ¢, is merely
an approximate manifestation of the role of the statisti-
cal weights with all the ratio set one.)> % Namely, the
improvement is in counting the number of states for in-
coherent superpositions of excitations and of its D effect
(the last subsection).

The following is a summary of the D effect described
in this Section 2 as to be applied for the discussion in
the next Section:

(1) Pyrimidine. In spite of normal D effects in elec-
tronic and nuclear terms (Section 2.2), the increased
Jo; would influence the situation in the near s-m-1 case
behavior (towards the intermediate case).?

(2) Pyrazine. An inverse D effect is expected in spite
of the small density of states for Ty nearby S;9. Accord-
ingly, the D effect on the nBOSOC mechanism might
catch up that of the axis-switching. In the case of pyr-
azine-dy, the doorway state as an origin of the fast de-
cay component with the width I'y was presumed to be
distributed over the bunches with widths {I's} assum-
ing I'y>Ts. However, it may not be the case for pyra-
zine-dy with I'y=I'; predicting more complex behaviors
(Section 3.2.2).

3. Application and Remark

Now we are ready to do case-by-case discussions of
the experimental data, most of which are picked up from
those described in Section 1.

3.1 Pyrimidine-d,, (n=0, 4). With lack of ex-
perimental data on the MES spectra of pyrimidine-dy,
quantitative discussions is difficult. The observed D ef-
fects, i.e. decrease in polarization and the increase of
the contribution from gb’s by D substitution can easily
be interpreted by the increase of density of states, i.e.
of p, assisted by ¢ (Section 2.3; 0,=2 for both dy and
dy), using the scheme for the s-m-1 case.?~%

3.2 Pyrazine-d,, (n=0, 1, 3, 4). In the light
of the general discussion in Section 2, it may be almost
straightforward for us to make case-by-case discussions
for parazines as forestalled in that section. However,

2 (AI, AII)

some ambiguities can not be avoided because we have
more parameters than the experimental data. Here,
important factors only are pointed out.

3.2.1 D Effect on the J, K Dependence as Seen
in the MES Spectra:?¥>  One of the observations,
i.e. dependence on the number of D atoms can easily
be interpreted by the increase in the density of states,
especially by p,. On the other hand, to interpret the
J, K dependence, they were forced to invoke the Cori-
olis coupling theory that had been used to interpret
the rotational effect in the Channel 3 mechanism of
benzene.'®25:3%) However, the cited theory including its
matrix elements are concerned with the IVR within the
singlet manifold hardly involved in the decay of the Spg
levels, if applied literally. Certainly, Coriolis coupling
is possible among triplet levels (coupled to Sip). How-
ever, it is only a part of the schemes for the well-ac-
cepted “complete scrambling” of the triplet levels with
A J=0 corresponding to my Jp;. No evidence for a “par-
tially mixed” triplet state with the K dependence (of the
doorway singlet manifold) has been recognized at least
for the MES spectra in pyrazine-dy,” as discussed in
Part I (the last paragraph of Section 5.4). Actually,
Hsp matrix elements would greatly reduce the restric-
tion by the Coriolis coupling (AJ=0, AK=0, 1, with
coefficients dependent on J and K)?"?539) with the se-
lection rules of AJ=0, +1 and AK=0, £1, +2.3 Then
the irreducible representations of rotational wavefunc-
tions included in Table 1 (o, portion) are highlighted.
The following classification is possible for both pyra-
zine-dy and -d3 with the Cs(M) symmetry:

A’ 1 000; 1115220, 211,212 -+, A" : 110, Lo1; 221,202} .- -

Thus, the weakness of the R(0) band can be inter-
preted by the (intensity) mixing of the 11 level with
the 1¢; level due to axis-switching.®) While in the case
of the P(2) band, where three levels (110, 111, and 1¢;
are excited, one of the level (111) is coupled only with
assistance by Hgy to either 110 and 1lg; levels (AJ=0)
or such as Ogp and 239 levels (AJ==1) (Section 2.1),
retaining the intensity in between the P(1) (0Ogo) and
the R(0) bunches. Therefore, this D effect can be taken
as another evidence of axis switching. In this respect,
similar experiments on three kinds of pyrazine-d» with
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Cay (M) (two) and Cyp (M) (one) symmetries (never sep-
arated so far 71%)) are urged. These molecules have com-
mon o, (=2) and o, (=4) values, different from those
of pyrazine-d,, with n=0, 1, 3, 4 (Table 1).

3.2.2 Inverse D Effects in the Short Fluores-
cence Decay Component: As described in Sub-
section 1.2.2, the clear inverse D effect on the short
decay component®® is noted between pyrazine-dy and
-dy. Following the last paragraph of Section 2, nBOSOC
is judged to be predominant, at least for higher J (210
with enough intermediate states ?).> However, for J<
10, we have to be cautious to make any judgement on
the complex experimental data.?? Thus, measurements
on the J dependence of the short decay components
in the D substitutes of pyrazine, as was done for the
do,? are desired. Since I'q~I's>I7; (the width of the
MES j) for this system against the case in pyrazine-dy
with I'q>TI's>>17, deviation from the double exponen-
tial decay would appear to be more significant than the
dp as discussed in Part II.

3.2.3 D Effects on the External Magnetic-Field
Effect on the Decay Behavior of Pyrazines: As
just mentioned in the head of this Section 3.2, we can-
not thoroughly discuss the experimental data (on this
subject) because we have too many parameters. Some-
how, the increases in p; and the effects on the nBOSOC
scheme as described above are obvious facts to mention.
For example, let’s examine the D effect on the fluores-
cence decays following excitation at the P(1) lines of
the 0-0 bands (Fig. 5 of Ref. 16 vs. Fig. 5 of Ref. 22).
Contributions of both gb’s and the fast decay com-
ponents are more for -d; with larger Zeeman effects
than -dy. This can easily be interpreted by the D ef-
fect on the density of the triplet states. In this re-
spect, a comment should be made on the proposed field-
induced mixing between T; and T,.?? Since its ma-
trix element appears to be smaller than those of H,go
and Hgso (between T7 and Ts) in orders of magnitudes
(the electronic components seem to be <mt| H,po|n>21
em™!, <m|Hso|n>=1 ecm™!, and <7t|Hz|n>~2ugH x
<mlly|n>~10"3 cm™! for a typical magnetic field of
H=100 G, respectively),2—419:23,28,:30.31,40) jts effect has
to be on the new selection rule, e.g., |Amg|=1 (for
the electron-spin component) on the electron-spin de-
coupled basis.** However, it can not exceed those by
H,so®Hso and Hso (between Sy and Ty), Hgr and Hy
(within T1), and so on.? 4233249 Accidental closeness
(up to <1072 cm~!) between S;q and Ty, might make
the {<Topr|Hz|T147r>; v=(n,{0})} terms significant.
However, apparent failure to observe the MES spectra
cannot be the sole evidence to support the closeness.
By the way, with the nBOSOC mechanism assisted by
the {<T1,,,.|HZ(1) [Ty >} matrix elements (Eq.4 of Part
IT), there is no a priori reason to invoke field-induced
mixing for interpretation of the Zeeman effect on the
D effect. As one of the referees pointed out, shorten-
ing of the long-lived component of the lifetimes by the
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magnetic field is taken as evidence for their scheme.??
Therefore, comments are made on their analysis: (1)
Their lifetimes are calculated based on the bi-exponen-
tial assumption in spite of experimental conditions that
deviate from the ideal intermediate case, e.g. by a laser
with the 7.<1 ns. Therefore, the lifetime for the full
intermediate condition would be rather close to that at
high field (Table 1 of Ref. 22). (2) For the same reason,
their components (If, 12, their Fig. 8; not discussed in
this paper) should be treated with care.

3.3 Reinterpretation of the Fast Fluorescence
Decay Component (with 7) in Pyrazine for J<2.
To interpret the observed T, (~hlIy~') component of
pyrazine (-dp),®’ the intensity-mixing schemes by the
axis-switching with the help of Hsy has been proposed
for J<2 (J=1, 2 (,3), to be more precise) as a cause for
the broad doorway state (last paragraph of Section 2).%
However, the detailed scheme assessed to be most im-
portant involves no direct axis-switching between Sg and
S1 (Section 2.1), even with H,go. Though the scheme
is crucial to interpret various observations such as MES
spectra or (hf) gb’s, it may not be the only cause for
the intensity mixing among the optically assigned levels
{s}.3) Actually, little evidence of the coupling is found
for the locations of the {s} levels.>*” In other words,
the initially prepared doorway state § as defined by
Eq. 33a of Part II can not be simply represented by the
double Lorentzian (Eq. 39 in Part II) for J<2, even as
a model (I'q had to be extremely large), making the
isolation of § practically impossible. Thus, we need
an alternative scheme for the interpretation of the fast
decay component at least for J<2. Accordingly, what
follows can be regarded as an addendum to Part II.

We now propose a new scheme for the 7, compo-
nent for J<2, where the AJ=0 scheme is of little
use: Coherent excitation into rotational levels differ-
ent in J (by |AJ|=1) (and K) within the uncertainty
width of the laser. The difference, |AJ|=1 is in accord
with the optical selection rule of AJ=0, +£1. On the
other hand, A K0 is mostly through the axis-switching
mechanism.® Possible candidates for the partners (at
the right) in the coherent excitation corresponding to
the laser-tuned rotational levels (at the left) are shown
below, for the case of J=0—2:

00o—110; 110—000, 110~202(220); 220—202, 221-313(331),
211-303(321), 202220, 202(220)-110.

These are picked up considering both the selection rules
(on angular momentum quantum numbers and the sym-
metry corresponding to the o, portion in Table 1, e.g.
as given in the Discussion of Ref. 7 assuming axis-
interchange® between Sy and S;) and the locations of
energy levels.® (Schemes containing pairs with energy
separations of more than 0.5 cm™! were excluded.) The
first two schemes, i.e. those for AJ=1 and —1 with
A K =0 correspond exactly to the coherent excitations



N. Kanamaru

of P(1) (with Q(1)) and Q(1) (with P(1)) bands from
the 10 level in the ground vibrational level of the elec-
tronic ground state, respectively. Excitation of the P(1)
band by the ps laser has simultaneous excitation of the
Q(1) band and vice versa (but partially, i.e. only in
one of three components). However, they may be too
well concealed in the strongly congested QQ branch to
be distinguished (see below).®) The 250—2¢2 & 202220
schemes with AJ=0 & AK#0 are nothing but the axis-
switching scheme discussed previously.®) The other four
schemes with |[AJ|=1 & AK#0 are novel ones, i.e.,
those of coherent excitations with |AJ|=1 assisted by
the axis-switching where the states to lend intensities
are given in the parentheses. These can now interpret
all the initial decay components after excitations of the
P(n) (n=2, 3) and R(n) (n=1(,2)) bands. Though not
evident in the experimental data, contributions of the
110—202(220) and 202(220)—110 schemes would be less Sig-
nificant than those of the 1;0-0gg and 292—220 schemes,
for the case of Q(1)-band and Q(2) (or R(1), not P(3))-
band excitations, respectively. Most significantly, with-
out the 119—2p2(229) scheme, the short-lived compo-
nent after P(2) band excitation by the ps laser® can-
not be well interpreted. Since the Ogg«0p transition
is forbidden,” the observed short-lived component after
“R(0)” band excitation® might be ascribed rather to
the transitions in a nearby Q branch, especially to Q(1)
with the scheme 119—0gg (See their Fig. 3, which has a
subtle peak of the R(0) bands.). The similar schemes
may partially contribute to the 7, components of the
levels with J23 (3—5 7).

Against the case with AJ=0 like 259—2¢2, the excited
pair of levels, i.e., doorway states with |AJ|=1 have lit-
tle common origins {s} of intensity in view of the prop-
erties of the photon, (k, e) with no direct axis-switching
scheme.®) Therefore, the fast decay process may be de-
scribed as follows: Right after dephasing of these levels
accompanying depolarization, the independent dephas-
ing of the doorway states into the components of the
bunches are attained, and so on.®) However, the appear-
ance would be practically the same as the case described
in Part II. This might also be perceived as a sublation of
the scheme by Amirav,*?) at least for J<2. Right after
coherent excitation of the two (or more) doorway states
with different Jnumbers, two (or more) independent de-
cays with lifetimes 7, and {,*}(~AI';*, corresponding
to the width of the bunch) are observed, followed by the
long-lived 7, component corresponding to A<I;~!>.9
This prediction of more than two components of 74,
{r¢} and {AI"; 7!, the lifetime of the MES} underscore
the necessity of observation at the intermediate stage of
the decay (Section 5.1 of Part II).

As described above, coherent excitation with |AJ|=1
is one of the key points that must be included in a future
reformulation of the theoretical framework. Also, to
avoid possible confusion, one comment should be made
about the symmetry of the rovibronic levels, i.e. I, I,
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I';, and so on, that are dependent on the choice of molec-
ular axes (2, y, 2z) as in the case of a molecular point
group: I} does not always correspond to the priorities
of the rotational axes (a, b, ¢), which are subject to the
axis-interchange and are related to a common asymmet-
ric top label Jk,k..>® As to the D effect, the chance
for the coherent excitation with |AJ|=1 will be more
for pyrazine-d, with larger n having a more complex
non-exponential decay.
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