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We have observed, and assigned, the fluorescence excitation spectrum of the 0j band in the

!B, 4, electronic transition of pyrimidine, at a resolution of ~ 10 MHz. The rotational
constants of the !B, state, the lowest excited singlet state, are 4 ' = 6352 + 3, B’ = 5853 + 3,
and C’' = 3042.0 + 0.5 MHz. The magnitudes of these constants are not very different from
those of the ground ('4,) state. However, the in-plane a and b inertial axes in the ' B, state are
rotated by 90° with respect to those of the 'A, state. The spectrum also exhibits numerous
perturbations, evidenced by the presence of extra lines, anomalous intensities and lifetimes, and
shifts of the main lines from their expected positions. The perturbations are strongly magnetic-
field dependent, demonstrating that they arise from an intramolecular coupling of the 'B, state
with nearly isoenergetic rovibronic levels of a lower triplet (*B,) state. Models are proposed to
account for this behavior based on a deconvolution of the experimental spectrum and
simulations of the observed Zeeman effects. The most satisfactory interpretation of the data (in
the language of the zero-order states) is obtained if it is assumed that a single rovibronic 'B,
level is spin—orbit coupled to one or a few >B, levels, which in turn are coupled via rotationally
dependent Coriolis interactions to a dense manifold of background levels, probably those of the

'4, state. Because the latter coupling is small, typically less than the linewidths in the spectra,
it is manifested only in a K *, ; dependence of the lifetimes of selected molecular eigenstates
and the reduced g values required to fit the magnetic-field dependence of their spectra.

I. INTRODUCTION

The past few years have witnessed enormous experi-
mental and theoretical progress in the understanding of the
electronic, vibrational, and rotational spectra of polyatomic
molecules. For example, van der Meer et al.’ have found that
the ultra high-resolution fluorescence excitation spectrum of
pyrazine (1,4-diazabenzene) contains many more lines than
expected for an ordinary electronic transition between two
zero-order singlet states. It is now known that these “extra”
lines have their origin in an intramolecular coupling between
levels of the upper singlet and nearly isoenergetic levels of a
lower triplet state. Individual rotation—vibration levels of the
ground electronic state of H,CO with an excess vibrational
energy of ~ 8000 cm ™! have been examined by Field, Kin-
sey, and co-workers.? At low values of the rotational quan-
tum number J, the spectra are relatively simple but at higher
values of J, the spectra rapidly become more complex. The
observed level densities at J = 10 are several times larger
than the known densities of vibrational levels. And Bordé
et al.® have been able to resolve hyperfine and “‘superfine”
splittings of less than one part in 10'° in the vibrational spec-
tra of molecules like SF. The great surprise here is that the
rotational substructure of these spectra at very high values of
J is far simpler than had been anticipated.*
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The key ingredient in these rather remarkable experi-
ments is a high resolution laser operating in either the ultra-
violet (UV), visible, or infrared region of the electromagnet-
ic spectrum. In this paper we describe a further application
of the tunable, single-frequency UV laser’ to studies of the
structural and dynamic properties of the first excited singlet
state ('B,) of pyrimidine (1,3-diazabenzene) in the colli-
sion-free environment of a molecular beam. The (Doppler-
limited) spectral resolution in these experiments is ~ 10
MHz, or about one part in 10°, thereby permitting a com-
plete rotational analysis of the 03 band in the 'B, ~'4, flu-
orescence excitation spectrum. The results are interpreted in
terms of a slightly perturbed, axis-switched, asymmetric ro-
tor Hamiltonian, yielding the rotational constants of both
the ground and excited electronic states.®

The 'B, state of pyrimidine is an example of an impor-
tant class of problems where discrete rotation—vibration lev-
els of a higher electronic state are imbedded in a higher den-
sity manifold of rotation—vibration levels belonging to one or
more lower electronic states. Other examples recently stud-
ied by high resolution spectroscopy include CH,,”® SO,,’
glyoxal,'® and benzene.'' In the case of B, pyrimidine, the
lower states of interest are the 3B, triplet state and the '4,
ground state. Initially prepared !B, levels can therefore de-
cay by two routes, intersystem crossing (ISC) and internal
conversion (IC). Traditionally, studies of energy flow in-
volving these states, either in the absence or presence of colli-
sions, have been performed in the time domain.'?'® Despite
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significant advances in our understanding of the decay be-
havior of the isolated (or collisionally perturbed) molecule,
a characteristic of all of this work is a lack of knowledge
about the nature of the zero-order levels involved in the state
mixing that is a prerequisite for energy flow. These difficul-
ties may be traced in most cases to the poorly defined coher-
ence properties of pulsed light sources.

Ultra high-resolution spectroscopy with continuous-
wave (cw) lasers provides an attractive alternative to the
traditional approach to intramolecular dynamics, as illus-
trated for the aforementioned molecules by other
workers'~!! and for pyrimidine here. We find, in the case of
pyrimidine, isolated perturbations in its fully resolved
!B, — 4, excitation spectrum that are magnetic-field depen-
dent. The energy flow process that we are probing in the
frequency domain is therefore ISC involving nearly isoener-
getic rotation—vibration levels of the lowest triplet state. The
“off-diagonal” terms that are responsible for producing
these perturbations, and generating the mixed states neces-
sary for energy flow, are identified using standard deconvo-
Iution schemes. A comparison of these results with lifetime
measurements of selected single molecular eigenstates as a
function of magnetic field then reveals that J,, states are the
most perturbed, demonstrating that rotations (perhaps via
Coriolis coupling) play a significant role in the energy flow
process. This then allows comment on the ISC processin the
structurally similar pyrazine, where similar effects are ob-
served but are not as easily analyzed since the density of
perturbed states is much higher than in pyrimidine."’

Il. EXPERIMENTAL

The experimental apparatus has been described in detail
elsewhere.'® Briefly, narrow band UV radiation was ob-
tained by placing a LilO, angle-tuned single crystal of 1 mm
thickness in the focused arm of a modified Spectra Physics
ring dye laser, generating about 1 mW of second harmonic
power. Stabilized scans over 4 cm ™~ with a laser linewidth of
less than 0.5 MHz in the UV could easily be made. Absolute
frequency calibration was accomplished using the absorp-
tion spectrum of iodine.'® Relative laser frequencies were
measured using a sealed-off, temperature-stabilized, Fabry—
Perot interferometer, and were accurate to + 1 MHz.

The molecular beam was formed by expanding a mix-
ture of pyrimidine in argon through a 100 zm nozzle. In
order to achieve rotational resolution the molecular beam
was strongly collimated by a dual skimmer and differential
pumping arrangement. This setup reduced the Doppler
width to about 10 MHz. Power-normalized fluorescence ex-
citation spectra were obtained by collecting the undispersed
total fluorescence, detected by a EMI 9864/950 QA photo-
multiplier tube, and measured by a standard photon count-
ing system. The experiment was interfaced to a
PDP11-23/ + computer system.

Magnetic fields were generated by passing current (<5
A) through two coils in a non-Helmholtz configuration, and
calibrated using a Hall probe. The accuracy is + 5%. Life-
time measurements were performed using a single photon
counting system. This system utilizes a pulse generator to
modulate the cw laser and to start an Ortec 437A time-to-

amplitude converter (TAC), which in turn is stopped by a
signal from the photomultiplier tube. The TAC supplies an
output pulse with a height proportional to the time elapsed
between the start and stop, which serves as an input to a
multichannel analyzer. An Ortec 463 constant fraction dis-
criminator prevents the TAC from giving output if more
than a single photon is detected in one cycle. Measured life-
times are estimated to be accurate to + 10%.

Ill. RESULTS AND INTERPRETATION

The 09 band of the ' B, — '4, electronic transition in pyr-
imidine has its origin at 31 072.658 cm™'. Under the ultra
high-resolution conditions employed in this work, the spec-
trum consists of a large number of transitions near the band
origin (the Q branch) and clusters of lines separated by
about 12 GHz going up (the R branch) and down (the P
branch) in frequency from the central part of the spectrum,
as shown in Fig. 1. These observations are in accord with the
assignment of the 03 band as a c-type, parallel transition.?
That pyrimidine is a near symmetric oblate top in both elec-
tronic states is also apparent from the small splittings of the
different possible “AK , , = 0” transitions in each of the P-
and R-branch clusters. If weak features are neglected, each
of these clusters contains the expected number of lines, apart
from accidental degeneracies, leading to the “zero-order”
assignments shown in Fig. 1.

The regular pattern of lines described above is disturbed
by two effects, both illustrated more clearly in the individual
spectra shown in Figs. 2—4. One effect is that of axis switch-
ing.?!-%% Each P- and R-branch cluster (other than R 0 and
P 1) consists of a closely spaced center group of lines, with
K,,=0and K, ,>2, and two more widely spaced lines,
with K, = 1. All of these lines are clearly resolved in Figs.
2-4. The separation of the outer pair of transitions depends
on the K, ;=1 level splittings in both electronic states
which, for near oblate symmetric tops, are proportional to
(4 — B)J(J + 1).** An approximate value for this quanti-
ty in the ground state is known from earlier microwave
work,?® (4" — B ") being of order 200 MHz. Normal selec-
tion rules require that the splitting of the K , = 1linesin the
P and R branch be approximately equal to the difference in
the (4 — B)J(J + 1) values in the two states,?* leading to
the expectation that this splitting should be less than 400 and
1200 MHzin the R 1 and R 2 clusters, respectively. Figures 3
and 4 show that these splittings are about 1800 and 3700
MHz, respectively, much larger than expected. We conclude
from this observation that the two in-plane inertial axes are
switched on electronic excitation, leading to different selec-
tion rules. In particular, if we characterize a rotational level
of the ground state by the quantum numbers (J*, K” ,,
K", ,),and alevel of the excited electronic state by the quan-
tum numbers (J', K*_,, K", ), then the selection rules for
the axis-switched c-type transition are (e = even, 0 = odd);
(K7 K" )e>(K'_,K’, ) = (ee)(0e), (e0)>(e0),
(00)<«>(00), and (0e)«>(ee).?® Under these conditions, the
splitting of the K, = 1 transitions is approximately equal
to the sum of the (4 — B)J(J + 1) values in the two states,
thereby accounting for the larger splittings observed experi-
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FIG. 1. Overview of the ultra high-resolution spectrum of the 03 band of the S, ('B,) —S,('4,) electronic transition of pyrimidine in a molecular beam. The

different branches (P4, P3, etc., where P, O, R stand for AJ= — 1,0, + 1 and the numbers refer to the J * value of the lower state) are each separated by
about 12 GHz. The relative intensities of the lines in each branch are individually scaled. Where shown, the quantum numbers denote the J',K*_, K’ ,

values of the upper state levels. The frequency separation of each pair of markers is 1 GHz. Frequency increases from left to right, and top to bottom.

mentally. An overall fit of the spectrum confirmed this ex-
planation.

The second irregular feature in the u/tra high-resolution
spectrum is that there are perturbations, evidenced particu-
larly by anomalous intensities of some of the main lines and

the presence of extra lines. The planar pyrimidine molectile,
being rigid, can be characterized in the C,, molecular sym-
metry group. The molecule has two pairs of equivalent
atoms; the two nitrogen atoms and two of the four hydro-
gens. As a consequence of the Pauli exclusion principle, dif-
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FIG. 2. The RO (J' = 1) branch. “E” denotes extra lines observed at high
gain, numbered sequentially from left to right. The separation of each pair
of markers is 1 GHz. Frequency increases from left to right.
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FIG. 3. The R1 (J'=2) branch. Quantum numbers denote the
J'K'_,K’, , values of the upper state levels. “E” denotes extra lines, num-
bered sequentially from left to right. The separation of each pair of markers
is 1 GHz. Frequency increases from left to right.
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FIG. 4. The R2 (J'=3) branch. Quantum numbers denote the
J'.K’_,K’ | values of the upper state levels. “E” denotes extra lines, num-

bered sequentially from left to right. The separation of each pair of markers
is 1 GHz. Frequency increases from left to right.

ferent rotational levels have different nuclear spin statistical
weights, g, = 15forthe (K", K", ;) = (ee) or (00) levels
and g, = 21 for the (eo) or (oe) levels.?® Differences in level
populations and Honl-London factors notwithstanding
(both are relatively small in this case), we expect therefore
intensity ratios of 21/15 for transitions originating in (eo)
[or (oe)] levels compared to those originating in (ee) {or
(00)] levels. Much larger differences are observed experi-
mentally. For example, the R 1 transition originating in (J ”,

" K% )=(10,1) [and terminating in J', K'_,,
K’ )= (221)]isweakerthanthe R 1 transition originat-
ing in (1,1,1) [and terminating in (2,1,1)] (cf. Fig. 3),
whereas this ratio should be 21/15. Other perturbed lines
displaying irregular intensities include (3,2,1)—(2,2,1),
(2,1,1) - (1,1,1), (2,2,1)-(1,0,1), (2,1,2) - (3,2,2); and
several overlapped pairs of lines [(4,4,0) - (3,3,0) and
(4,3,2)-(3,22), (4,1,3)-(3,1,3) and (4,2,3)-(3,0,3),
and (3,2,2) - (2,1,2) and (3,1,2) - (2,0,2) ], for which the
individual intensities are more difficult to determine. Here,
italic quantum numbers refer to upper state levels that are
accessed via both P- and R-branch transitions and are ob-
served to be perturbed in both cases. All other perturbed
levels can be accessed via only one of the two branches, but
not both.

Intensity anomalies were also observed in the Q branch,
not only for transitions terminating in the levels noted above,
but also for several additional levels with K’ ; =2 and 3.
This is illustrated in Fig. 5 which compares the measured
relative peak heights (all lines have approximately the same
width) with relative intensities calculated according to the
factor

(K% )
J'J"+ 1)
Transitions terminating in the levels (3,2,2), (3,0,3) and
(3,1,3) (anoverlapped pair), (4,2,3), and (4,1,3) are much
weaker than predicted on the basis of Eq. (1). In addition,

some levels appear to have more oscillator strength than ex-
pected [e.g., (4,3,2)].

I=1Ig, (2J" + 1)e BV KLOKT (1,
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FIG. 5. Calculated (open bars) and measured (solid bars) intensities of the
assigned K’ , = 2and K, ; = 3 transitions in the @'branch. Those transi-
tions denoted by asterisks are scaled according to the vertical axis on the
right, all other transitions are scaled acrording to the vertical axis on the
left. The separation of each pair of markers is 100 MHz.

Finally, there also appear in the immediate vicinity of
some of these perturbed lines extra lines, much as in the case
of CN?’ and other well-known examples of perturbations in
the spectra of diatomic molecules.?® Several examples are
shown in Figs. 2—4. The R O transition (0,0,0) — (1,1,0) has
at least seven extra lines in its vicinity, the R 1 transition has
at least three extra lines [two in the (2,2,1) cluster], and the
R 2 transition has at least five extra lines [threein the (3,2,2)
cluster and one in the (3,3,0) cluster]. As the latter two
transitions were only recorded at low gain, it is likely that
still more extra lines would be observed at higher gain. Many
other extra lines also appear in the P- and Q-branch spectra.

More information about the nature of these perturba-
tions was provided by magnetic field measurements. For ex-
ample, Fig. 6 compares the R 1 spectrum at zero fieldand ata
field of 32 G. Whereas the two unperturbed lines (and two of
the extra lines) are relatively unaffected by the application of
this weak field, both the perturbed and extra lines associated
with the transition (1,0,1) —(2,2,1) are strongly affected.
Still higher fields (up to 66 G) quench the first extra line,
split the second, and produce further splittings of the
“(1,0,1) - (2,2,1)” line.

2,20

B=0 R(1) B=326
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E
€
: |

T 23 r T T t

b m

r T

FIG. 6. The R 1 branch, in zero magnetic field (left) and at a field of 32 G
(right). The separation of each pair of markers is 1 GHz. Frequency in-
creases from left to right.

Measurements of the lifetimes of several of the levels
accessed in the ultra high-resolution spectrum were also
made, the results of which are summarized in Table I. An
example is provided by the data for two linesin the R 1 transi-
tion. Both of the levels (2,2,0) and (2,2,1) decay exponen-
tially, but the latter (a perturbed level) has a much longer
lifetime than the former (742 vs 483 4+ 27 ns). The lifetimes

TABLE I. Measured fluorescence lifetimes of selected levels in the uitra
high-resolution spectrum of pyrimidine.

Lifetime, Estimated
Transition J.K_,K" ) ns €rTor, NS Notes
P4 (3,2,1) 650 15 w
3,1,2) 773 40 w
(3,3,0)
(3.2,2) 817 61 m
(3,1,3) .
(3’0’3) 812 26 1
(3,3,1) 662 25 w
P3 (2,11 558 10 i
(2,2,0) 586 20 i
(2,1,2)
(2.0,2) 550 42
(2,2,1) 832 120 ]
P2 (1,0,1) 731 82 w
(1,1,0) 57 15 i
(1,1,1) 710 40 s
P1 (0,0,0) 557 30
RO (1,1,0) 547 30
R1 (2,1,1) 560 16 i
(2,2,0) 483 27 i
(2,2,1) 742 27 s
R2 (3,2,1) 682 16 w
(3,1,2) 745 33 w
(3,2,2) 890 50 m
(3,3,0) 667 50 m
(3,3,1) 693 11 w

* Denotes whether decay is sensitive (s = strong, m = medium, w = weak)
or insensitive (i) to magnetic fields.
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TABLE I1. Molecular constants of pyrimidine in its ground ('4,) and first
excited singlet (B, ) states, AI ( = I, — I, — I,) is the inertial defect.

State Constant Value

4, A" 6276.80 (4) MHz
B"® 6067.12 (4) MHz
cre 3084.47 (4) MHz
Al"® 0.0328 amu A2

'B, A'® 6352 (3) MHz
B'® 5853 (3) MHz
c’ 3042.0 (5) MHz
Al 0.240 amu A?

vo = 31072.658 (5) em™!

® Reference 25.
>The orientations of the a and b inertial axes are switched on electronic
excitation. See the text.

of higher K ’, | levels are typically longer than those for low-
er K’ levels. Note, also, that where a specific level can be
reached either via a P- or an R-branch transition, the life-
times measured in the two experiments are in good agree-
ment with each other.

We conclude from all of these observations, then, that
the perturbing state in ' B, pyrimidine is triplet in character,
probably *B,.

Given the existence of these irregularities in the spec-
trum, we used the following procedure to determine the rota-
tional constants of 'B, pyrimidine. First, the normal selec-
tion rules were used to identify all strong transitions in the P
and R branches, and the positions of these lines were fit to
the asymmetric rotor Hamiltonian of Watson,?® using the
previously derived values of the ground state rotational con-
stants?® and the modified selection rules to account for axis
switching. The excited state constants derived from this fit
were then used to analyze the Q-branch line positions. Quite
a good correspondence was found between theory and exper-
iment for 20 lines up to about 2500 MHz from the Q-branch
origin, except for lines terminating in X, ; = 1. We then
ignored these lines, as well as other P- and R-branch transi-
tions terminating in (J',K'_,,K’, ,) = (0,0,0), (L1,1),
and (2,2,1), to obtain refined values of the constants of both
states in a final fit of all of the remaining data. Line intensi-
ties were not used, quantitatively, in this analysis. The de-
rived values of the inertial parameters for both '4, and 'B,
pyrimidine are given in Table II. The values shown for the
A, state are those from the more accurate microwave
study?’; our values are in good agreement with them.

The largest changes in the moments of inertia that occur
on electronic excitation involve motion about the two in-
plane axes. The long-axis rotational constant increases by
285 MHz, whereas the short-axis rotational constant de-
creases by 425 MHz, leading to the observed axis switching.
Clearly, then, excitation of a nitrogen lone-pair electron into
a 7* orbital results in a contraction of the molecule along the
short axis and expansion of the molecule along the long axis.
There must also be a slight increase in the size of the ring
since C also decreases.

b

N N N N

a

1

lAl (ground) 131 (excited)

These changes are consistent with the expected form of the
highest occupied and lowest occupied molecular orbitals of
pyrimidine®® and with the vibrational activity in its absorp-
tion®° and fluorescence®' spectra.

Returning now to the subject of perturbations, which

will be the main focus of this paper, we compare in Table II1
the observed frequencies of all assigned P-, Q-, and R-branch
transitions with those calculated using the parameters in Ta-
ble II, all frequencies being referred to the band origin. We
also give estimates of the experimental precision of each line
position. Most lines can be fit to this precision; the standard
deviation of the fit is + 20 MHz. But the observed frequen-
cies of several of the lines are shifted from the theoretical
values by as much as 140 MHz. These are not large differ-
ences, but they are clearly outside of experimental error at
this level of resolution. The most shifted levels are those with
J'=K’_,, K’ | =1. The level with (J', K’_,, K’ )
= (2,2,1) is the most striking. Its energy differs from the
calculated values by 123, 117, and 135 MHz in the P-, Q-,
and R-branch transitions terminating in this level. Other
strongly affected levels are (0,0,0) and (1,1,1). Moreover,
the most shifted levels are also those that exhibit (where
examined) unusual intensities and a strong magnetic sensi-
tivity. This shows that the perturbing triplet levels are also
responsible for the observed frequency shifts, as well as for
the existence of extra lines. Thus, an analysis of these effects
should provide important information about the interac-
tions responsible for ISC in the isolated molecule.

iV. PERTURBATION ANALYSIS
A. Deconvolution of the spectra

An important first step in this analysis is the deconvolu-
tion, or deperturbation, of the spectrum into a set of zero-
order states and coupling matrix elements. Typically, we
find in the spectrum isolated perturbations; i.e., only one
main line in a given P- or R-branch cluster is perturbed. All
other main lines appear to be relatively unperturbed, at least
at low J'. However, we also find in the vicinity of the per-
turbed line more than one extra line, suggesting that more
than one zero-order triplet level is (directly or indirectly)
coupled to the zero-order singlet level. Therefore, a 2X2
analysis of the problem will not suffice. Instead, we adopt the
deconvolution procedure of Lawrance and Knight,* in
which it is assumed that only one of the component states
(the zero-order singlet level S °) ) of the perturbed manifold
carries oscillator strength, and that this state is mixed with
one or more dark states (the zero-order triplet levels | T?))
in its vicinity. The dark states are further assumed in this
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TABLE I11. Observed and calculated rovibronic frequencies in the 03 band
of the ' B, — ' A, transition of pyrimidine. Frequencies are in MHz relative to
the band origin v, Lines marked with an asterisk were omitted from the
least-squares fit (see the text).

Observed Estimated Observed

value, error, — calc.,
Transition (J K ,K'. ) MH:z MHz MHz
P4 32,1 — 52788 40 - 67
(3,1,2) — 50284 40 - 38
(3,3,0) —64
(3,2,2) — 50126 50 —20

(3,1,3)
(3.0,3) — 49996 40 -20
(3,3,1) — 47677 40 — 55
P3 (2,1,1) — 38794 40 9
(2,2,0) —37417 40 21

(2,1,2)
(2,0,2) —37322 40 25
2,2,1) —35924* 40 123
P2 (1,0,1) — 25367 40 —4
(1,1,0) —24776 40 60
(LLD) — 24 137* 40 97
Pl (0,0,0) -~ 12231* 40 112

1314
e Eg ) 4; —2822 20 —24

,2,5
Eg 1 5; —-2379 20 30
(5,2,3) —-2209 20 —11
(4,2,2) —2096 20 -2
(5,3,3) -~ 2084 20 —4

6,1,6
26 0 6; —2002 20 -3

,1,5
8053 — 1465 20 -~ 11
(4,1,3) — 1305 20 — 14
(4,2,3) — 1256 20 1
(4,3,2) —-1071 20 5
(3,1,2) — 1021 20 -1

’1)4
E: 0 4; - 999 20 —4
(2,L1) — 821 20 1
(3,2,2) — 692 20 24

3,1,3
53 0 3; - 647 20 —26
(2,0,2) — 350 20 18
(2,1,2) — 280 20 17
(1,0,1) —223 20 34
(3,3,1) 40 20 — 60
(L,L1) 122* 20 88
(2,2,1) 165* 20 117
RO (1,1,0) 12 286 40 80
R1 2,L,1) 23462 40 16
(2,2,0) 24 366 40 31
2,2,1) 25290* 40 135
R2 (3,2,1) 34 446 40 —-11
(3,1,2) 36047 40 25
(3,2,2) 36 362 40 51
(3,3,0) 36 501 40 9
3,3,1) 38 103 40 22

procedure to be prediagonalized with respect to other possi-
ble intramolecular couplings; i.e., there are no off-diagonal
terms connecting the | 7°0). Thus, in this basis the Hamilto-
nian takes the form

& v v i
v, €& 0 0

A~ 0 P .. .

Hy,= % 0 Tz . e (2)
v, O €7,

where €2, €%, €2 ,...,6% are the zero-order energies and v,
s €10 61y T, 4 i

= (S°|Hsr|T?). If IME,) denotes a molecular eigenstate,
it can be expanded according to

IME,) = ¢5|S) + S| T?) (3)
and has the energy

o S He|T?)
€mg; = €s + Z &_a
Since the coupled states have different multiplicities, it is
clear that the interaction responsible for this mixing process
(Hgy) must be spin—orbit in nature, at least in part.

What are required in the approach of Lawrance and
Knight*? are the energies of the molecular eigenstates (€me,)
and their singlet characters, Cs,- Both types of information
can be determined from the spectra, from the relative posi-
tions of the lines and their absorption intensities. (From our
spectra only the excitation intensities can be determined. It
will later be shown that these are equal to the absorption
intensities only if the lifetimes of the dark states can be ne-
glected.) The absorption intensities are normalized to unity,
to give the ¢, values, and the energies €y, are referred to the
energy of the zero-order singlet, determined by the “center-
of-gravity” method:

€ . (4)

€g=z|cs,lzfms,- (3
Then, the ;nergies of the zero-order triplet levels (e‘}l ) may
be calculated from the peak positions in the function B(E),

Im G (E)
[Re Gss(E) ]+ [Im G5 (E)]?

where the real (Re) and imaginary (Im) parts of the
Green’s function Ggg (E) are defined as

B(E) =

(6)

€MmE, —
Re Ggs (E) = ¥eg |? 2 (7
= ; K (émp, — E)? + T,
and
2 FME}

J (GME) —EyY + ri,ﬂ;j

giving a “spectrum” of B(E) values. Finally, the matrix ele-
ments are calculated by multiplying the peak intensities in
B(E) by the corresponding linewidths FME,‘ In agreement
with earlier work,>? we find that the derived values of both
€7, and v, are relatively insensitive to the choice of T" ME,» OVer
the range 0.1-10 MHz.

The results of our calculations are given in Table IV.
Listed there are the values of €y and Ics]|2, determined
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TABLE1V. Energies and intensities of the perturbed R0, R 1, and R 2 mo-
lecular eigenstates of the zero-point vibrational level of ' B, pyrimidine, to-
gether with the relative energies and coupling matrix elements of the inter-
acting zero-order *B, levels.*

ME €y, MH2Z® fcg| arb. €7, MHz® v, MHz
RO 1 — 897 33 — 895 42
(1,1,0) 2 — 580 168 — 574 57
3 — 504 156 — 498 55
4 — 438 90 — 435 40
5 — 269 151 — 266 27
6 — 247 170 — 243 35
7 22 13 800 0)
8 958 31 956 44
R1 1 — 321 5 — 294 93
(2,2,1) 2 —21 2 —-19 9
3 29 58 0) T
R2 1 — 56 7 —53 i1
(3,2,2) 2 —42 11 —34 20
3 7 54 ()] e
4 20 20 17 6
R2 5 — 55 3 —47 22
(3,3,0) 6 9 157 0) e

2ME’s are numbered in order of increasing frequency, as shown in Figs. 2~
4.

® Determined by the center-of-gravity method (see the text).

°Relative to the energy of |S°) .

from the spectra, and of €}, and v;, determined from apply-
ing the deconvolution procedure to four clusters of lines; the
eight (1,1,0) ME’s, the three (2,2,1) ME’s, the four (3,2,2)
ME’s, and the two (3,3,0) ME’s, the latter two clusters hav-
ing been treated independently. Several facts are immediate-
ly apparent on examination of these results. The first, and
most important, is that the magnitudes of the spin—orbit ma-
trix elements are small. The larger couplings tend to involve
zero-order triplets that are further displaced from the singlet
““origin,” but in no case do these matrix elements exceed 100
MHz. A direct consequence of this result is that the oscilla-
tor strength is distributed over a very narrow range of ener-
gy, ~2 GHz in the case of the R 0 ““line,” and less in the case
of the other lines. The displacements of the ME’s from their
zero-order positions are also small. For example, the zero-
order singlet level is shifted by values of only 22, 29, 7, and 9
MHz in the four clusters. These shifts are typically smaller
than those deduced from a comparison of the observed and
calculated line positions in the experimental spectrum (cf.
Table III).

The ME’s also retain much of their zero-order identity.
One measure of this limited degree of mixing is the set of
eigenvectors in the zero-order basis. For example, the stron-
gest line in the R O cluster can be described as

IME;) = ¢ |S°) + ZCT,|T|>
— 0.972|S°) + 0.044|TC) + 0.094|T2)
+0.102|T2) + 0.085|T2) + 0.089|T)

+0.127|T2) — 0.046|T9) . (9a)

Thus, all seven zero-order triplet levels make comparable
contributions to the character of this eigenstate, but the cu-
mulative triplet contribution is small ( ~5%). Similar con-
clusions can be made regarding the remaining ME’s, at least
at zero magnetic field. However, there is a trend towards
larger $°-7"9 mixing as J' and K’ increase; the correspond-
ing strongest lines in the (2,2,1) and (3,2,2) clusters are

IME,) =0.945|S°) + 0.271|T?%) + 0.185|T%), (9b)
IME; ) = 0.766/S°) + 0.139|T') + 0.377|T2)
—0.502|T?), (9¢)

respectively, with cumulative triplet contributions of 11%
and 41%. These are still small. Thus, to a good approxima-
tion, it is still possible to speak (atlowJ',K ') of “singlet” and
“triplet” states at energies near the zero-point vibrational
level of ' B, pyrimidine.

B. The Zeeman effect

More information about the character of these states,
and about the mechanisms that are responsible for mixing
them, can be determined from their behavior in the presence
of a magnetic field, just as in the case of the related problem
in pyrazine.>®> A triplet state can be represented as
|T) = |[{v}NKSJM,) in the Hund’s case (b) limit, where N
is the angular momentum due to the pure rotational motion
of the molecular frame and X ( ~ K , for pyrimidine) is its
projection on the top axis, S is the electron spin angular
momentum, J = N + Sis the total angular momentum, and
M, is its projection on a space-fixed axis. The symbol {v}
stands for all of the vibronic quantum numbers. In pyrimi-
dine, the rotational level structure is mainly governed by N,
with level spacings of order N X 20 GHz. Spin—spin, spin—
orbit, and spin-rotational couplings split each rotational lev-
elinto aset of three levels,J =N+ 1,J=N,andJ=N—1
(Fig. 7). Typically, this fine structure splitting is small ( ~ 1
GHz)>* compared to the rotational level spacing, and J is a
good quantum number in zero external field.

Each triplet level is 2 J + 1 degenerate. This M, degen-
eracy is removed by the application of an external field. The
first-order energy shift is given by

(T|H,|T) = p,BgM, , (10)

where pu is the Bohr magneton, B is the magnetic field
strength, and g is the g factor, given by

g=2_002[J(J+ D+SES+ D) NN+ 1) ] (1)
2J(J+1)
Here, we consider only the diagonal, isotropic component of
the electron spin Zeeman operator, off-diagonal electron
spin, and rotational Zeeman terms being unimportant at the
low field strengths and NV values employed in this work. Un-
fortunately, our experiments give no information about the
{v} or N values of the coupled triplet levels, except that N is
restricted (since Jis conserved) toN = J,J + 1. Sowe used a
trial-and-error method to simulate the observed Zeeman ef-
fects. By assuming values of N for each affected level, the g
factors could be defined, and the first-order energy shifts
computed according to Eq. (10). The influence of a field on
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FIG.7. Rotational levelstructure of the zero-order states | S °,0), | T%v), and
|T°V'), vand v’ being two of the many different possible vibrational levels of
| T°). Each level is 1abeled by J, the total angular momentum quantum num-
ber. In pyrimidine, each |S°,0,N ) level interacts only with those triplet lev-
els lying within + 1 GHz of the origin. Singlet-triplet coupling is alowed
only between those zero-order states having the same value of J.

the energies of the ME’s could then be determined simply by
adding the Zeeman contributions from Eq. (10) to the Ham-
iltonian of Eq. (2), defined for each cluster of lines by the
deconvolution results (Table IV), in the basis of zero-order
states. Diagonalization then gives the energies of the ME’s as
a function of field and the corresponding eigenvectors, each
of which contains a term [cg|? that is proportional to the
absorption intensity. Multiplying this term by the transition
dipole moment*® then yields spectral intensities that may be
compared with experiment, to determine whether correct
assumptions for the N values of the triplet levels have been
made. In practice, this trial-and-error method can be used if
only a small number of dark states is involved. This is clearly
the case for the rovibronic spectrum of pyrimidine.

As a partial test of our procedures, we first calculated
the effective g factor associated with the R Oline. Of course, if
the upper state accessed in this transition were a pure singlet
state, it would exhibit no magnetic sensitivity at all. But, as
was shown in the recent work of Ohta et al.,>” the fluores-
cence decay of R 0 following nanosecond laser excitation ex-
hibits field dependent quantum beats that were attributed to
weak singlet—triplet mixing. The observation of weak “ex-
tra” lines in the R O cluster (Fig. 2) confirms this interpreta-
tion. Ohta ef al.*? also estimated a g factor of 0.02 from the
field dependence of the beat frequency, assumed to corre-
spond to the energy separation of two Zeeman sublevels with
M; = + 1. Such a small g factor should produce little or no
shift of the spectral lines at low fields. In agreement with this,

we find no shifts of any of the lines in Fig. 2 up to an applied
field of 66 G, even at ~10 MHz resolution. But we can
estimate the g factor from our data by assuming that the
magnetic sensitivity is associated with the small triplet char-
acter of the brightest eigenstate in the R O spectrum, |ME,)
[Eq. (9a) ]. The isotropic part of the electronic Zeeman op-
erator acting on this state yields

(ME,|H,[ME,) = ¥ cter (T |Hy|T")
= ler[XT|H,|T)

= ; |CT|281'MJ,/‘BB- (12)
Here we have used the facts that flz acts only on triplet
states and is diagonal in |T'). Since J/; = 1, N may be 0, 1,
or 2, with g values of g, = 2, 1, and — 1, respectively. Tak-
ing N = Ofor all coupled triplets gives an upper limit to the
“effective” g factor of

¢ = (3 lerlert,) =01,

Clearly, g°™ may be less than this since there is no a priori
reason to take all N, = 0. A mixing between triplet states
could further reduce the g factor (vide infra). Thus, the two
sets of experiments appear to be in reasonable agreement.
A more stringent test of our procedures is provided by a
comparison of theory and experiment for the remaining
clusters. The results for the perturbed (2,2,1) cluster are
shown in Fig. 8. Experimentally [Fig. 8(a)], it is observed
that this portion of the R 1 transition is markedly affected by
the application of small fields; both the strong “singlet” line
(3) and the two weak “triplet” lines (1 and 2) shift and split
into several components even at fields as low as 15 G. This
behavior is qualitatively reproduced by the calculated spec-
tra, shown in Fig. 8(b). Here, we find that the best agree-
ment between theory and experiment is obtained by assum-
ing Ny, = 1 and N, = 3. (Since the upper state J is 2 for the
R 1 transition, the possible values of N are 1, 2, and 3.) At
zero field, the calculated spectrum (not shown) is of course
identical with the experimental one. But the quantitative
agreement deteriorates progressively with the application of
a field. The most striking discrepancy is that line 2 gains

(13)

o 1% @
82496 A/M B2496G M
B326 /\}\_ B:326 /\
N )
I

FIG. 8. Comparison of observed (left) and calculated (right) magnetic
field dependence of the perturbed (2,2,1) cluster in the R 1 transition. The
separation of each pair of markers is 100 MHz. The frequency increases
from left to right.
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FIG. 9. Comparison of the observed (left) and calculated (right) magnetic
field dependence of the perturbed (3,2,2) and (3,3,0) clusters in the R 2
transition. The separation of each pair of markers is 100 MHz. The frequen-
cy increases from left to right.

significant intensity at the expense of line 3 experimentally,
even at very low fields, but not theoretically. The calculated
Zeeman splitting is also too large.

The R 2 clusters (3,2,2) and (3,3,0) were treated simi-
larly, as shown in Fig. 9. The agreement between experiment
(a) and theory (b) is considerably better in these two cases,
assuming N, =4, N,=2, N,=3, and (independently)
N, = 4. (The possible values of N in these cases are 2, 3, and
4.) We also assumed, for the (3,3,0) cluster, a nonzero trip-
let decay rate of ¥2/y3 = 1.48 in the computed spectra (vide
infra). Avoided crossings occur in these clusters at still high-
er fields'®; the positions of these are also accurately repro-
duced by the calculations.

We also examined, experimentally, the magnetic-field
dependence of several P-branch transitions. Probable ME’s
of low intensity associated with P1 could not be observed
because of severe overlap with the Q branch. A small split-
ting of about 15 MHz was observed for the (1,1,1) compo-
nent of the P2 transition at a field of 66 G. The P 3 transition
shows a magnetic-field dependence that is similar to the R 1
transition. P4 also behaves similarly to R 2, but was not ana-
lyzed because of the additional complications caused by the
presence of strong transitions to the levels (3,1,3) and
(3,0,3).

C. Effect of triplet-triplet coupling

In an effort to improve the agreement between theory
and experiment, particularly for the R 1 transition, the ef-
fects of triplet—triplet coupling on the ME spectra and their
field dependence have been considered in some detail. That
such coupling might occur is reasonable. Since the fine struc-
ture splitting exceeds the typical separation of the different
zero-order triplets that interact with the singlet (cf. Fig. 7),
these triplets cannot be the fine structure levels of a single
vibronic state. Instead, the triplet levels that are involved
must belong to different vibrational states of the zero-order
triplet manifold. Field-independent mixing between these
levels, what we have previously called interrovibronic mix-
ing,>® could play a significant role in this problem.

If two or more triplet levels are coupled, the Hamilto-
nian matrix in the zero-order basis [Eq. (2)] will then con-
tain off-diagonal elements connecting them, rendering the
procedure of Lawrance and Knight* invalid. However, it is

always possible to apply a unitary transformation that re-
moves these elements, thereby prediagonalizing the matrix
with respect to specific interactions. Applying the deconvo-
lution procedure to this transformed matrix will then pro-
duce a set of energies and matrix elements that describe the
coupling of the transformed triplet levels to the zero-order
singlet state.

Asan example, we treat the case of one singlet level |S ®)
coupled to two zero-order triplet levels, |79 ) and | T’} ), that
are coupled to each other via some field-independent matrix
element a. The Hamiltonian has the form

IS° T IT?)
~ €2 v, v,
H,= 4
o Ul 6(}] a (1 )
U, a €7,

Applying a unitary transformation that removes the off-di-
agonal term a, we have

1S) 1Ty T

~ €& v v

Ho= v €r, 0 (15)
174 0 €r

Of course, the eigenvalues and eigenfunctions of this Hamil-
tonian are the same as those of Eq. (14). But the transforma-
tion changes the coupling terms v, and v, into v] and v;, and
converts the zero-order triplet functions into the trans-
formed functions

|Ty) =CI|T(I)) +02|Tg) s
(16)
[Tz) = _Cle(l)> +01‘T(2))

with |¢;|> + |¢,|?> = 1. since Eq. (15) has the same form as
Eq. (2), applying the deconvolution procedure to the spec-
trum yields the relative energies €5, €., €7, and coupling
terms v}, v}, values that are different from those that would
be obtained if triplet—triplet coupling did not exist. Thus we
conclude that information about such coupling, if it exists, is
already contained in the wave functions, energies, and ma-
trix elements derived from applying the deconvolution rec-
ipe to the experimental spectra (Table IV).

Consider, now, the case when an external magnetic field
is applied. The matrix elements of the isotropic electron spin
Zeeman operator H, acting on the zero-order triplet levels
|T9,) = |v1,02.N N0 K K58, M, ) are given by*®

(T9 'f{le?) = ("2N2K25JMJ|ﬁz|le1KlsJMJ>
=5(v2,v‘)MBBg(J,Nz,Nl,S)MJ . (17)

Here, 6(v,,v,) indicates that the operator is diagonal in all
vibrational quantum numbers simultaneously; g(J,N;,N,,S)
reduces to Eq. (11) if N, = N, = N. The matrix of H, in the
transformed basis is then
0 0 0
flg = |0 (T|HZ|T\) (T,|H,|T,)
0 (T)|H|T,) (T,|H|Ty)

, (18)

where
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(T H|T,) = |c| (T2 H | TO) + |6, T2 H,|TS)
(T,|H,|T,) = |/ T HZ|TS) + |e)| TS |H|TS),
(T1|HZ'T2>=<T2|HZ|T1)*

= — e TOH|TS) + c,ct (T3 H,|TY) .
(19)

Owing to the orthogonality of the (zero-order) vibrational
wave functions, cross terms like (7' |H,|T2) in Eq. (19)
vanish since |79 ) and |T'9) are assumed to belong to differ-
ent vibrational species. But Eq. (18) shows that the presence
of triplet-triplet coupling introduces additional off-diagonal
Zeeman terms, and modifies existing diagonal ones, despite
the fact that this coupling is field independent. Modifica-
tions in the behavior of the calculated ME spectrum in the
presence of a field are then expected to occur.

We used the following procedure to examine these ef-
fects. First, since the term @ coupling |79 ) and |T3) is un-
known, an extra parameter was introduced into the calcula-
tion. We chose this to be the mixing coefficient c,.
(Additional adjustable coefficients would have to be intro-
duced if more than two triplet levels were involved.) Then,
the matrix H ; of Eq. (18) was added to that of Eq. (15),
and the sum was diagonalized to find the eigenvalues, eigen-
vectors, and the ME spectrum in the presence of a field.

Figure 10 shows some typical results. Here we compare
the calculated field dependence of the (2,2,1) cluster [Fig.
10(b) ] with that observed experimentally [Fig. 10(a)}. As
before, N, =1 and N, = 3; the optimum value of ¢, was
found to be 0.8, giving the transformed triplet functions

|T,) =0.8/T%) —0.6/T9),
(20)
|T,) =0.6|TS) +0.8|T3) .

The result is a modified Zeeman pattern, caused by a change
in the effective g values of the coupled states. In this case,
since

(T\|HZ|T\) = |c,| TS| HZ|TY) + || (T3 |HZ|T?)
= |c,’g\M,p5B + |c,|’¢8; M, 11 B

= (lei|’g1 + |¢2|’82) M5 B (21)
and similarly for (T,|H|T,), we have
@ ®
B=66G \ B=66 G A

B=49G

B=49G ’ A

B=326

A
B=326G “
A

| S— 1 L 1 t 1 ] 1 1 1

B=156

B I

FIG. 10. Comparison of observed (left) and calculated (right) magnetic
field dependence of the perturbed (2,2,1) cluster in the R 1 transition. Here,
the calculation includes a possible coupling between the triplet levels 1 and
2. The separation between each pair of markers is 100 MHz. Frequency
increases from left to right.

g = lei’g1 + |e2|’g, = 0.40,
(22)
85" = |28 + [e1|’82 = —0.07,
whereg, = 1.00and g, = — 0.67 in the zero-order represen-
tation. While some quantitative difficulties remain, the com-
puted spectrum now shows qualitatively the correct behav-
ior. In particular, line 2 now gains intensity at the expense of

line 3, and the splitting pattern of the main group of lines
bears a much closer resemblance to experiment.

D. Coupling to a continuum

A logical extension of the above arguments is to assume
that the affected triplet levels are coupled to a “continuum,”
allowing the excited molecule to decay nonradiatively. Such
a coupling could be caused by Coriolis interactions or other
nonrigid body effects, involving either other triplet states or
the ground state. If the jth ME is expanded according to the
usual recipe,

IME,) = ¢5|S°) +ZCT[|T?> (23)
the decay rate of this state is given by
YMmE, = les|?ys + zlcTJz?’? ’ (24)

where yJ and y? are the zero-order singlet and triplet decay
rates. Assuming a linear response to the laser, the steady-
state absorption intensity of the jth ME, 4, is proportional
to |¢s|>. The excitation intensity E; is proportional to
les|*/Vme, Therefore,*

43
E,=B ,
YmE,

where £ is a proportionality constant. If ¥2 is small com-
pared to y¢, then Ywme, is proportional to les|*and E; « 4;.
On the other hand, if 3 is of the same order as y¢, then the
absorption intensity is no longer proportional to the excita-
tion intensity. In that event, the experimental intensities in
the ME spectrum cannot be used in the deconvolution proce-
dure, which requires absorption intensities.

Without either absorption spectra or measured lifetimes
for all of the ME’s, we treated the absorption intensity of
each ME as an adjustable parameter to address this problem.
Figure 11 shows the best results obtained when the (2,2,1)
cluster is treated in this way. Here, absorption intensities of
15 and 4 were assumed for lines 1 and 2 (corresponding to
y2/y2 values of 0.58 and 0.05), rather than the measured
excitation intensities of 5 and 2. The deconvolution proce-
dure was then applied anew, yielding a new set of zero-order
energies, mixing coefficients, and coupling parameters. To
this Hamiltonian were added the appropriate Zeeman terms,
again assuming N, = 1 and N, = 3, and the result was diago-
nalized. The derived values of the coefficients in the zero-
order basis, cs and cr,, were then used to define yg, [using
Eq. (24) ], from which the excitation intensity could be cal-
culated, via Eq. (25). When computed in this way, the theo-
retical spectrum [Fig. 11(b) ] of the (2,2,1) cluster is found

(25)
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FIG. 11. Comparison of observed (left) and calculated (right) magnetic
field dependence of the perturbed (2,2,1) clusterin the R 1 transition. Here,
the calculation includes a possible coupling of both triplet levels 1and 2 toa
continuum of dark states. The separation of each pair of markers is 100
MHz. Frequency increases from left to right.

to compare very favorably with that observed experimental-
ly [Fig. 11(A)].

V. DISCUSSION

The spectroscopic results presented in this paper have
significant dynamic implications, especially for the radia-
tionless process known as intersystem crossing (ISC).
Clearly, this process, in which an initially prepared nonsta-
tionary singlet state evolves smoothly into a triplet state, is
promoted by perturbed levels that contain both singlet and
triplet character. Our experiments have identified some of
these levels for the first time. And the results show that the
number of perturbed levels in the vicinity of the !B, origin is
very small, at least for low J',K '. The average triplet charac-
ter of the bright levels is also small. From this we can con-
clude that as an isolated species, pyrimidine will behave as a
small molecule when excited to the 'B, origin with a light
source of small coherence width. Under these conditions,
“reversible” decay is expected and ISC, if it occurs at all, is
principally collision induced, as observed in a variety of
time-domain experiments.'>~'* The cross section (oysc ) for
collision-induced ISC depends, in turn, on the triplet state
rotational relaxation cross section and on the average triplet
character of the prepared state.*° Since we have seen that this
character is increased by the application of a magnetic field,
Osc should also be field dependent, a fact that has also been
verified experimentally.'® Fluorescence quenching by a field
should also be very weak, as in other small molecules.

Increasing the coherence width of the light source will
modify the decay behavior of the isolated molecule, owing to
an increase in the number of coupled states that participate
in the excitation process. If this increase is fast enough, the
molecule could develop statistical properties after passing
through the intermediate case. But the spectroscopic results
show that only a limited number of coupled states exist in
(say) a few GHz region around the singlet origin. This leads
to the prediction that pyrimidine should behave as a
(sparse) intermediate case molecule under picosecond exci-
tation conditions. In agreement with this, Saigusa et al.'®
observed only quantum beats in the fluorescence decay of
the 03 band following excitation with a few picosecond laser

pulse. The observed frequencies of these beats were 60 and
140 MHz. Of course, it is impossible to know which levels
were being excited in the experiments of Saigusa et al.'* But
the existence of such recurrences on this time scale is certain-
ly consistent with our spectroscopic results, which show that
perturbations, and splittings, of this order of magnitude are
present in the S; manifold. So, in this sense, our results are
not at all surprising. We cannot, of course, comment on the
apparent transition to an increasingly statistical behavior
that has been observed in time-domain experiments at high-
er energies above the ' B, origin'® without further ultra high-
resolution work.

More important dynamic issues do surface, however, on
closer examination of our results, issues that cannot normal-
ly be addressed in the time domain. One question of extreme
importance is the mechanism by which the zero-order triplet
levels gain their radiative character. Clearly, spin—orbit cou-
pling plays a role, and since this coupling probably involves
states of similar (n7*) character, the matrix elements are
expected to be small, as observed. But are there promoting
modes and accepting modes, time-honored concepts in the
theory of radiationless transitions? What are the relative dis-
placements of the zero-order singlet and triplet surfaces
along different normal coordinates? Indeed, is it proper to
speak of normal modes at high triplet vibrational energies?
And are rotations important, either as a source of additional
coupling terms or as a mechanism for mixing vibrational
levels? Could axis switching play a role? And what about
“smaller” effects, such as hyperfine mixing?

Not all of these issues can be resolved here. But one, that
of the possible influence of rotations, can be addressed con-
structively. There is mounting evidence that rotations are
important in inframolecular dynamics.!”*'4? In the case of
pyrimidine, Baba et al.** observed a marked variation in the
fluorescence quantum yield across the rotational contour of
the 03 band in the vapor phase at low pressure, with a very
steep peak near the band origin. Jameson et al.** compared
the fluorescence decay properties of effusive and jet-cooled
samples of pyrimidine, and found an enhanced contribution
of the slow component to the biexponential decay of the 03

+ v, band at lower temperatures. Saigusa and Lim** found
that A4 ¢, /A Increased approximately linearly with J* fol-
lowing excitation of the 0 band with a pulsed laser having a
coherence width of ~0.3 cm ™. Bartles and Spears*® detect-
ed rotational effects in the fluorescence decay properties of
pyrimidine. The possible rotational state dependence of IVR
in S, pyrimidine has been studied by several authors.*” And
fluorescence polarization**** has been used as a probe of the
rotational dynamics of the isolated molecule. Ohta et al.>°
showed that the polarization P varies considerably across
the rotational contour of the 03 band, peaking at the Q
branch. But Nathanson and McClelland®' found a value
P = 15.5% for the 0 band at room temperature, close to the
regular-rotor limiting value of P = 14.4%. Additional ex-
periments in a supersonic jet showed that the rotational tem-
perature dependence of the polarization is weak. More re-
cently, Terazima and Lim®? found that the decay of the
polarized fluorescence of the 03 band is faster than the decay
of the slow-component emission, but slower than the decay
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of the fast component, and argued that this behavior pro-
vided evidence for partial X mixing in the triplet manifold.
Clearly, then, rotations are involved. The question is, how?

To answer this question, we summarize here the rel-
evant spectroscopic results for the lowest rotational states.
We find (a) selected perturbations in the u/tra high-resolu-
tion spectrum of the 0J band. The most perturbed levels are
those with J'=K’_,, K’ | =1, which exhibit shifts on
the order of 100 MHz. We also find (b) a K’, , dependence
of the fluorescence lifetimes, with higher K *,_, levels typi-
cally exhibiting longer lifetimes (cf. Table I). This is illus-
trated more clearly in Fig. 12 which shows that the measured
lifetimes of levels with the same X ’, | and different J' scale
approximately linearly with X’ ,. The quantitative rela-
tionship is

7= (584 +80K" ,) ns. (26)

It is important to note, at this juncture, that the measured
lifetimes of all levels are longer than the reciprocal spectral
resolution (500 ns ~1/0.3 MHz). An analysis of the spec-
tral perturbations using standard deconvolution procedures
shows that (c) the magnitudes of the off-diagonal elements
in the zero-order basis are small and (d) that, as a result, the
calculated shifts in the spectral lines from their zero-order
positions are small, typically less than those observed experi-
mentally. There is no evidence for aJ’,K ' dependence of the
number of coupled states or the average triplet character of a
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FIG. 12. Plot of the measured fluorescence lifetimes, averaged over J', as a
function of the X'’ ; value of the upper state.

“prepared” state from the deperturbation results. Finally, in
our attempts to simulate the magnetic-field dependence of
the ultra high-resolution spectra, (e) improved agreement
between experiment and theory is obtained when it assumed
that the zero-order triplets are also coupled amongst them-
selves, either discretely or to a continuum of other triplet or
ground state levels. The effect of such coupling, if it exists, is
already contained in the matrix elements derived by decon-
voluting the spectra.

The only logical conclusion to be derived from these
results is that the decay behavior of the isolated molecule is
dependent on rotational state (Fig. 12), the observed X *, ,
dependence being consistent with a parallel Coriolis cou-
pling scheme.>® Whether this coupling involves zero-order
triplets or ground state levels is not clear. But the magni-
tudes of the Coriolis matrix elements must be small, smaller
than are observable at the present level of spectral resolution.
The broadened dark background states that participate in
this process are obscured by the Doppler width of the lines,
and make their appearance only indirectly. The reduced val-
ues of g7 required to fit the spectra provide one such indica-
tor. But, as in the case of the “Channel Three” region of
CeHs,'" we would also expect some K’ (orJ ') dependence of
the homogeneous linewidths in the pyrimidine spectra, and
of the matrix elements. From the lifetime measurements, it is
clear that these dependences will make their appearance di-
rectly only when the resolution of the frequency-domain ex-
periment is increased by 1-2 orders of magnitude. The dy-
namics of S, pyrimidine is very slow compared to that of the
14'12 S, vibrational state of benzene!

The spectroscopic data obtained to date for pyrimidine
thus support the following picture of ISC in the isolated mol-
ecule. At energies near the 'B, origin, ~2000 cm ™' above
the *B, origin, the density of triplet rovibronic levels is low,
about 10/cm ™. Singlet rovibronic levels, the sources of os-
cillator strength, are therefore imbedded in a relatively
sparse manifold of dark triplet rovibronic levels, and a much
higher density manifold of dark ground state levels. The ex-
tent to which a given singlet level is coupled with this bath of
nonradiative states depends on their level density, of course,
but also depends on the rotational angular momentum quan-
tum number X'’ | of the prepared state. This is because J ' is
conserved, at zero field, and because the extent to which a
given, strongly coupled zero-order triplet level is coupled
with other triplet or ground state levels also depends,
through Coriolis coupling, on K *, . Thus, in the R 1 cluster,
component 1 is “strongly” spin—orbit coupled to component
3 and component 2 is only weakly coupled (Table IV). Com-
ponent 2 gains its oscillator strength by Coriolis coupling
with component 1 which is, in turn, strongly coupled to com-
ponent 3. It is the near-zero energy denominator of the 2/3
coupling that makes this indirect coupling scheme so effi-
cient as a source of energy flow in the isolated molecule. A
similar model accounts for the known dynamics of ISC in
pyrazine.'’

We are intrigued by some parallels between this situa-
tion and the concepts of resonances and antiresonances in
semiclassical dynamics.>*® States 1 and 3 in the R 1 cluster
are like a resonance, providing direct access to the vibration-
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al phase space of the state represented by 1. State 2, like an
antiresonance, is only weakly and indirectly coupled to state
3, a coupling that is a strong function of rotational motion.
“Turning-on” such motion thereby provides access to an-
other part of vibrational phase space, represented by 2. This
coupling is what is responsible for rotational effects in intra-
molecular dynamics.
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