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Summary

The pressure dependence of fluorescence quenching of gaseous glyoxal has been
measured in the presence of a magnetic field of 1-8 kG. Below 5 kG both the
collision free lifetime and the collisional quenching constant were found to be
dependent upon magnetic field strength. Above S kG the collisional quenching
constant turned out to be nearly equal to the value without magnetic field and the
collision free lifetime took a constant value larger than that without magnetic field.

The magnetic enhancement of the intramolecular radiationless transition of
gaseous molecules has been studied theoretically. The phenomenon is shown to be
explained by considering two mechanisms, mechanisms I and II. Mechanism 1 is
due to the interaction of a primary state with secondary states through the Zeeman
hamiltonian. Mechanism 1I is due to the shift and broadening of appropriate
rovibronic levels by the Zeeman effect.

Introduction. - Magnetic field effects upon emission from molecules in the
gaseous state have been observed with iodine [1-7], nitrogen dioxide [8] [9], carbon
disulfide [10], and glyoxal [11]. The magnetic quenching of luminescence observed
with the iodine molecule was interpreted in terms of a field induced predissociation.
In 1932 van Vieck [3] pointed out that the transition from the 3/7, state to the
dissociative 317 oy state was induced in the presence of a magnetic field. Solarz et al.
[8] [9] found that the fluorescence from the B, state of nitrogen dioxide is quenched
in the presence of a magnetic field. In this case, intramolecular and intermolecular
processes are both affected by a magnetic field. In iodine and nitrogen dioxide the
quenched states are the magnetic states, the triplet state in iodine and the doublet
state in nitrogen dioxide.

Recently, the present authors found the magnetic quenching of fluorescence
from excited singlet states: the 'A, state of carbon disulfide [10] and the 'A,, state of
glyoxal [11]. In these cases, intramolecular nonradiative processes were found to be
enhanced in the presence of a magnetic field. Furthermore, according to our
experimental result of carbon disulfide, the magnetic field dependence of (r,/7)— 1
(tp and 7 are the fluorescence lifetimes without and with magnetic field,
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respectively) consists of the two components: the low-field component increasing
rapidly with increasing magnetic field below 4 kG and the high-field component
proportional to the square of the magnetic field in the range higher than 5 kG
(Fig. 1). In the case of glyoxal, the (7,/r)— | value is saturated at ~700 G and the
higher magnetic field component is not observed. These facts indicate that the
magnetic quenching of fluorescence is due to the combination of two different
mechanisms. Atkins & Stannard [12] presented a theory for the magnetic quenching
of fluorescence introducing the direct and indirect mechanisms.

Very recently, Kiittner et al. [13] observed fluorescence quenching of gaseous
glyoxal at various pressures with different collision partners as a function of the
magnetic field below 2 kG. They found that the magnetic quenching was only
observed in the presence of collision and thecollision-free lifetime was unaffected by
a magnetic field near 1 kG, although the magnetic field enhanced intersystem
crossing. Previously, we found that the magnetic quenching of the fluorescence of
glyoxal occurred through the change of the collision-free lifetime in the presence of
a magnetic field of 5 kG and was due to the enhancement of intersystem crossing
[11]. From the comparison of our result at 5 kG with that of Kiltiner ef al. at 1 kG,
we expected that at the higher magnetic field, the magnetic field effect upon the
intramolecular process might become explicitly observable because of a shift and
diffusing of energy - acceptable (secondary) rovibronic levels, while at the lower
magnetic field their densities might be sparse and the energy decay might occur
only through collisions. To verify this expectation, in the present study we have
measured magnetic field effects on the collisional quenching constant and collision-
free lifetime of the fluorescence of glyoxal changing magnetic field strength more
widely (0-8.04 kG) than in the previous study [11]. The result fulfills our
expectation.

According to the indirect mechanism by Arkins & Stannard [12] a magnetic
field enhances radiationless decay of a primary state into a quasi-continuum
through the mixing with another discrete state. The above-mentioned facts suggest
the necessity to modify the mechanism to some extent. In the present paper we
propose mechanism I and mechanism II for the magnetic quenching of fluorescence
in the gaseous state. Mechanism I is similar to the direct mechanism by Atkins
& Stannard. Mechanism II is the enhancement of mixing of a primary state with
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Fig. 1. Plots of (tg/t— 1) versus the square of magnetic field sirength (#°2) for CS;
(the pressure of CS, is 103 Torr)
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Fig. 2. Plots of the decay rate of fluorescence from the ' A ,(0) state versus glyoxal pressure ( P)
——O—— in the absence of a magnetic field
----@-——- in the presence of a magnetic field of 1.02 kG; — D0 —— 1.99kG; ——--x-—— 3.92kG;
-- o ---8.04kG

secondary states through such well-known interactions as vibronic and spin-orbit
couplings: the magnetic field decreases the energy separation between them by
the Zeeman effect and enhances the couplings. Quite recently, the selection rule
for mechanism I was studied independently by Szannard [14] and by the present
authors [15]. We report the application of the rule to carbon disulfide, glyoxal, and
1odine.

Collision-Free Lifetimes and Collisional Quenching Constants of Glyoxal. -
Lifetimes of fluorescence from the 'A,(0) state of gaseous glyoxal under various
pressures were observed in the presence of a magnetic field of 0, 1.02, 1.99, 3.92,
and 8.04 kG. The 1/7 values are plotted against glyoxal pressures in Figure 2. From
the slopes and the intercepts with the ordinate of straight lines in Figure 2, the
collisional quenching constants, k, and the collision-free lifetimes, z;, are obtained
for the respective field strengths. The & and 1/z, values are plotted as a function
of field strength 2#°. The results are shown in Figure 3. The k value increases with
increasing field strength at low field, but decreases at the fields higher than 2 kG.
The value at 8.04 kG is nearly equal to the value without the magnetic field. The
1/74 value increases with increasing field strength below 5 kG and is saturated to a
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constant value of 4.9x 10 s™! at ~5 kG. This shows that at higher magnetic fields
the magnetic quenching of the fluorescence of glyoxal due to enhancement of
intramolecular processes turns out to be explicitly observable because of the
increase in the state density of a secondary state due to the broadening of its
rovibronic levels and also due to coupling with the higher rovibronic levels of the
ground state, while at lower fields the level density of the secondary state is sparse
and the energy is lost through collision. It may be noticed, however, that a magnetic
field enhances intramolecular nonradiative processes even at low field strength,
as was pointed out by Kiittner et al. [13].

Mechanism of Magnetic Quenching. - We consider the two types of mechanisms
for the magnetic enhancement of intramolecular nonradiative process from a
primary state, y, to secondary states, ; mechanism I and mechanism II.

Mechanism I. Mechanism I is due to the coupling of a primary state with quasi-
continuum secondary states, particularly with the higher rovibronic levels of the
ground state, by the Zeeman hamiltonian 7#°,. The nonradiative decay constant for
this case is represented by the following equation [16] [17].

knrzznh/)|<Wp\%vib+%)so+y/)zl'//s>l2
=2nhp“<Wp,;7/vib+é%so,'//s>,2 +<Wpl%vib+‘%/}sol'//s><Wp19y)zl'//s>
+<Wp\%zll//s><u/plﬂly/ vib+(7/1so|'//s> +l<V/p|%les>|2]
=k0+kmag(%o)+kmag(%/2)

=k0+kmag (1)
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Fig. 3. (a) Plots of the collisional quenching
constant of the 14,(0) state (k) versus the
magnetic field strength (37")

(b) Plots of the inverse of the collision-free
lifetime of the 14,(0) state (tg™") versus the
magnetic field strength (37°)

Fig. 4. The dependence of c; on the energy
separation | ., — E.|
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(a) for case 1; —— for the case of (157", +7 yip | W) = 0; ——-- for the case of
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Here 57, and 57°, are the hamiltonians of vibronic and spin-orbit couplings,
respectively.

The plot of k., versus the square of magnetic field strength 2#°? is shown in
Figure 5a. When the matrix element (W |57 i+ 1w, is zeto. ky,,, is equal to
Kmag (7% and the plot of k,,, versus 2#°2 gives a straight line. The selection rule
for this mechanism is discussed in a later part of this paper.

Mechanism II. Mechanism II is based on the shift of the rovibronic levels
belonging to secondary states by the Zeeman effect. This mechanism becomes
effective in the case where the level densities of the secondary states are sparse at
zero magnetic field. When the level densities of secondary states are sparse to some
extent, a wavefunction of a primary state is represented by eq. (2).

‘%vib+%)so‘l//p> v
E,—E, ’

’ <W
Vi=Cuet 2 =CpWpt 2 G ()
S s
The decay constant of a primary state into secondary states is proportional to
> ¢ The rovibronic levels of the secondary states are shifted or broadened by the

5
Zeeman effect, and come close to those of the primary state: that is, the energy
difference | £,— E| in eq. (2) decreases and c? increases rapidly with increasing
magnetic field, as is shown in Figure 4. When the rovibronic levels are broadened
and become diffuse at high field!), the magnetic field effect on ¢, may be saturated.
Therefore, in mechanism 11, k,,, increases rapidly with increasing field strength at
low magnetic fields, and is saturated at high fields, as is shown in Figure 5b.

We can classify the magnetic quenching of fluorescence of excited molecule
in gas phase into the following four cases.

Case 1. When secondary states are a quasi-continuum and {y, |77, ly,) is
nonzero, the magnetic quenching occurs by mechanism I. A magnetic quenching
constant k,, varies with 7#” as is shown in Figure 5a. The magnetic quenching
in the 317 5 state of the iodine molecule belongs to this case.

Case 2. When secondary states are a quasi-continuum and {y, |7, | y,) is zero,
the magnetic quenching is not observed.

Case 3. When secondary states are sparse and (y,|7,|y,) is zero, the
magnetic quenching occurs by mechanism II. ky,, varies with 77 as is shown in

) The broadening and diffusing of rovibronic levels by the Zeeman effect were observed with the
absorption spectrum of gaseous sulfur dioxide [18].
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Figure 5b. The magnetic quenching in the 'A, state of glyoxal is an example of
this case.

Case 4. When secondary states are sparse and {y,|2#",|y ) is nonzero. a
magnetic quenching occurs by mixing of mechanisms I and II. At lower magnetic
fields, k., increases rapidly with increasing field strength. At higher fields, &

mag
increases quadratically with magnetic field strength.

Selection Rule for Mechanism L. - The wave function of a polyatomic molecule
is represented by | I'yipronic Lo JMNKSY|R). Here, I'yiponic and I, are irreducible
representations of a vibronic state and a spin state. respectively. J is the total angular
momentum, its projection on the space-fixed z-axis being M. Coupling of orbital
and rotational angular momenta results in N, its projection on the molecule-fixed
z-axis being K. S is the spin angular momentum and [R) is a vibrational wave
function. (w1577, | ) is written by the following equation:

(ol wy = (TIMNKSIE, (X)+gf(S)| T I MIN'K'S™ (R R” py 7/
=[I'xTgxI")(IMNKS | f, (X)+ g1, (S)| PMNK'S™S (R [R5, 77 O

Here, 'y is an irreducible representation of an axial vector, and [I'xI'gx/"’] is
equal to 1 for the case where X xI" =T 11y symmerric a0d zero for other cases.
f1(S) and f,(X) are the spherical tensors of rank 1, and are the electron-spin
angular momentum operator and the angular momentum operator other than the
spin angular momentum, respectively.

By the use of the Wigner-Eckart theorem and properties of the matrix elements
of a tensor operator [19], the following equations are derived.
For AK=0 and 4S8 =0 transitions,

(IMNKS| £, (X)+gf, (S)II'MN'KS)=(— 1)~ M[2J+1)(2J"+ 1)]'/? ( B ]{4 (1) ]Jw>

X (= N+S+I+ {]j;f } (— DV K[QN+ QN+ 1)]1/2< ﬂ];(f é];; ) (K1 (X)) K

+(— NV HSHI I {ijsf} (NIND[S(S+1)(2S+ 1))V (4)

When N# N’, the contribution of electron spin van;shes.

For AK= + 1, and A4S=0 transitions,

(IMNKS| f; (X)+gf; (S) |/ MN'K+ 18 (5)
=(—1)/"MQJ+1)QJ+ 1)]‘/2< —/\Jul) L) (— HN+S+IH {]j]{[f }

NIN

X('_ 1)N-K[(2N—+~ l)(2N’+ 1)]}/2< —K¥1K+1

><K(f1(X)iKil>.
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Consequently, we obtain the selection rule for mechanism I as follows:

1. 47 =0, £1 5. 48=0,

2. AM=0, 6. FXFR1XF’=rtolallysymmelric

3. AN =0, +1 7. Either of the primary state or the secondary state has a
4.

4K =0, +1 magnetic moment.

For 4/=0,AN=0,4K=0, 45 =0, for example,
(IMNKS|f (X)+gf, (S)|J'"M'N'K'S"

NN+ D+JJT+ DS S+ DMK
2IJ+DHNWNN+D
LSS+ D+IU+ D)= NN+ 1)]gM
2J(J+1)

Magnetic Quenching of 'A, State of Carbon Disulfide. - The electronic state
diagram of carbon disulfide is shown in Figure 6. The Renner-Teller effect causes the
splitting of 34, states into the -*A, and '3B, states [20]. The possible interstate
interactions for the carbon disulfide molecule are summarized in Table 1. From the
table, we can see that the interactions of the 'A; state with the *A,, ’B,, and 'Z;
states occur through the following terms:

B o+ o1 "By, CAIH i PA, (Al il 'E8, ('A4157 1 'By)
(B lo# in 1 PBy) + I Bo |27 o+ 57 v | 380 + By 17 il 'EDT/IE (B — E('A)).

em-!
1 T8,(v) e’
oA, —=<T 2 -
30000 uT g1 Ay A By 38, 30000
-y
A B1 BRI 3,
AMAyBy 3 1
MfaB By 3. A,
20000 20000 | Ay ByBy 3,
— - u
10000 | 10000
L 1¢+ L 1
0 I 0 Ag
Fig. 6. The electronic energy level diagram of Fig. 7. The electronic energy level diagram
carbon disulfide. The V, T, and R systems are of glyoxal. The absorption bands of
assigned to the !By, 'A,, and 3A,(B,) states, 1A 1A and A, — A  were observed by
respectively [20] [22). Other electronic states are Ramsay et al. [29] [30]

predicted theoretically [20] [21] [22] and
references therein

(K1 (X K
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The magnetic quenching of the !A, state by mechanism II is due to enhancement
of these interactions caused by the shift and broadening of the rovibronic levels of
the 3A, and 3B, states in the presence of a magnetic field.

The magnetic quenching by mechanism I arises from the interaction terms:

CA N (AN By (B3 i 1By + (B, 1577+ in | PAY)
+ "Byl i 'EDV/IE ('By)— E (A} and
AN EDENNS o+ i 3By + (LA o4 o 1 PADVIE (1£5) — E('A))].

We observed the MCD signals assigned to the 'B,«'T} and 'A,«'s!
transitions [23]. Therefore, the 'A,, 'B,, and 'Z] states have magnetic moments and
the ('A,12#°,1'S]) and ('A,157°,1'B,) terms do not vanish. Therefore, the
magnetic quenching by mechanism I is to be expected for carbon disulfide. This
agrees with the observation of the higher magnetic field component.

The magnetic moment of singlet states is generally caused by rotational [21]
[24-26] and vibrational motions [27] [28], orbital angular momenta [24], and singlet-
triplet interactions. Douglas & Milton [21] found that the Zeeman effect of CS, in
3A,(B,) state originates from the rotational magnetic moment rather than the
electron spin moment, because the effect is proportional to the total angular
momentum J. This indicates that the rotational magnetic moment is important in
the 'A,, state, the 'B, state, and the isoenergetic rovibronic levels of 'Zg state. The
contribution of orbital angular momentum to magnetic moments may also be
important, but the Renner-Teller effect on the 'A, state reduces its contribution
to some extent. The appearance of the strong perturbation due to a singlet-triplet
coupling in the absorption spectrum in the corresponding energy region [20] [22]
indicates that the singlet-triplet interaction contributes to some extent to the magnetic
moments of these singlet states.

Magnetic Quenching of A, State in Glyoxal. - The electronic state diagram of
glyoxal is shown in Figure 7. Interstate interactions are possible between the 'A,
and 3A, states through the spin-orbit and vibronic couplings and between the ‘Ag
state and the 'A or A, state through the vibronic coupling. The vibronic and spin-
orbit interactions between the A, and %A, states are enhanced by a magnetic
field through mechanism II. This is consistent with our observation that the
phosphorescence from the vibrational excited *A, state increases in the presence of a

Table. Interstate interactions in carbon disulfide

1B2 1A2 3B2 3A2 [E-g
B, X #,,vib vib s0(B,), vib e, Vib
1A, x s0(A,), vib vib H,, vib
3B, X He, 80, vib, 2%, so, vib
3A, X so, vib

vib: vibronic coupling; so: spin-orbit interaction; 5#°,: Zeeman interaction; p.: allowed electric dipole
transition.
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magnetic field [11]. Since the matrix element (‘A |57, | 'A,) is zero, the magnetic
quenching by mechanism I cannot be expected. This agrees with the experimental
result that (7o/7) — 1 turns out to be constant at higher magnetic fields.

Magnetic Quenching of the 311 State in the Iodine Molecule. - Insomuch as
the matrix element of (3l 44157 ,13 1 o) is nonzero and the dissociative *I7 oy state
is a quasi-continuum, the magnetic quenching of the iodine molecule is only due to
mechanism L.

Experimental Part. - Glyoxal was prepared by pyrolysis of polyglyoxal (Wako reagent grade) with
P,0s. :

Glyoxal molecules were excited by the use of a Molectron DL-200 dye (7-diethylamino-4-
trifluoro-methylcoumarin) laser pumped by a Molectron UV-1000 nitrogen laser. The band width
of the laser was 0.02 nm on tuning at 455.0 nm. Emission from gaseous glyoxal was monochromatized
by a Spex model 1702 spectrometer and was detected by a combination of a Hamamatsu TV R-106
photomultiplier and a PAR model 160 boxcar integrator gated by a laser trigger. The photomultiplier
was shielded by p-metal in such a way that emission measurement is not affected by magnetic field.
The aperture times and time bases of the boxcar integrator were 50-100 ns and 5 ps-10 ps, respectively,
for the measurement of the decay time of 1-2 ps. The time-behaviour of the signal was smoothed by an
RC filter with a time constant which is shorter by two orders of magnitude than the decay time to be
measured.

An electromagnet with a 6.5 cm gap was used for the magnetic quenching experiments, its field
strength being calibrated by a Rowson-Lush gaussmeter indicator Type 789. Sample pressure was
measured by a MKS Baratron capacitance manometer consisting of a Type 310 AHS-10 head and Type
210 M-XRC indicator. A vacuum system used is free from H, and back-ground pressure is 10~ Torr.

A Pyrex-glass cross-shaped sample cell, the diameter and length of which are 6.3 cm and 10 cm,
respectively, was used for the emission measurements.
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Matrix effects on the hyperfine coupling of Ph,P

Résumeé

Le radical Ph,P est piégé dans un monocristal de Ph;PBH; irradié. Aprés
élévation de température & 130°C, ce radical se réoriente pour occuper des sites
inéquivalents dans la matrice cristalline. Contrairement a la constante de couplage
anisotrope, la constante de couplage hyperfin isotrope avec *'P est trés sensible a
lenvironnement du radical. Une explication est proposée pour rendre compte de
cet effet de matrice.

Introduction. - L’¢étude par RPE. de composés paramagnétiques piégés dans des
matrices cristallines constitue certainement 'une des méthodes les plus efficaces
pour accéder & la structure de radicaux organiques. Ces derniéres années, de trés
nombreuses espéces radicalaires résultant de I'action des rayons ionisants sur des
substances organiques et organométalliques ont été étudiées a l'aide de cette
technique [1]. Cependant, lors de telles investigations, I'influence de la matrice
cristalline sur les constantes de couplage est le plus souvent négligée et nous nous
proposons de mettre en évidence I'effet de ces contraintes sur la répartition du spin
dans le radical diphénylphosphinyle.

Trés récemment, ce radical phosphoré a été étudié dans trois matrices cristallines
différentes: Ph,;P [2], PhysPO et Ph,P (S)H [3]. Nous donnons ici les paramétres RPE.
de ce radical piégé dans un monocristal de Ph;PBH; et rapportons comment,
Iintérieur du méme cristal moléculaire, la réorientation de Ph,P provoquée par
une élévation de température se répercute sur la structure du radical.





