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The ESR linewidths of semiquinone anions of xanthene dyes in alkaline protic solvents were studied as functions

of the temperature and the viscosity.

It was found that the linewidths of phloxine semiquinone, the ESR spectra of

which show three hyperfine lines due to two equivalent protons, decrease with a decrease in the temperature or
an increase in the viscosity of the solvents, and vary unimolecularly. Such a variation can not be explained either

by a usual “chemical exchange” process between different states or by intramolecular motion.

We propose that

the linewidths may be due to the modulation of the hyperfine coupling constants of H atoms; the modulation re-
sults from the dissociation and/or distortion of the hydrogen bonds.

We previously reported the formation of stable
semiquinone anions of xanthene dyes by the y-irradia-
tion of degassed alkaline alcoholic solutions, and the
photo-dehalogenation reaction of the halogenated
ones.V)

In the course of ESR studies of these semiquinone
anions, we have found that the linewidths of the ESR
spectra of some of them, e. g., phloxine semiquinone
(X=Br and Y=Cl, in Fig. 1), decrease without any
further splitting of their three lines with a decrease in
the temperature or an increase in the viscosity of so-
lutions, and that the process of sharpening is pseudo-
unimolecular.

Fig. 1. Structure of xanthene-dye semiquinone anion.

The linewidth variation can not be explained in
terms of a ‘“chemical exchange” process between dif-
ferent states or the relaxation matrix theory developed
by Freed et al.?

The present results seem to suggest that hydrogen
bonding between semiquinone anions and solvent mole-
cules plays an important role in the variation of line-
widths. This paper will describe the results obtained
with phloxine semiquinone and the discussion leading
to the conclusion put forward above.

Experimental

Materials. The =xanthene dyes were recrystallized
three times from slightly alkaline methanolic solutions. The
alcohols and water were purified by distillation as has been
described previously.)? The glycerol was distilled in ovacuo.
Extra pure lithium, sodium, and potassium hydroxides were
used without further purification.

Preparation of Semiquinone Solutions. Xanthene semi-
quinones (S) were prepared by the $Co p-irradiation of
degassed alkaline solutions of xanthene dyes (D) in alcohols
or in water containing small amounts of methanol at room
temperature, The reduction of D proceeds by these reac-

tions:

7 . .
RCH,OH <« e s, H, RCHOH

D+ eg0 — S
. OH-
D+H — S+ H,O

. OH-
D + RCHOH — S + RCHO + H,O

This method gives S in a higher yield and with fewer by-
products than other methods, such as chemical or photo-
chemical reduction. The concentration of S produced was
adjustable by controlling the initial concentration of the
dye and the y-ray dose, and was determined spectrophoto-
metrically. The semiquinone solutions were so stable in
the dark that no detectable change in the concentration was
found during ESR measurements.

The ESR spectra were recorded by using a JEOL JES-X
spectrometer at various temperatures between —100 and
60 °C with an accuracy of +0.5 °C. The temperature of the
cavity was carefully kept constant by circulating thermostated
water through a pipe around the cavity. The magnetic
field was calibrated by means of proton resonance.

Results

The Lineshape and Temperature Dependence of the Line-
width. Phloxine semiquinone gives three well-
resolved hyperfine lines with an intensity ratio of 1 :
2 : 1 in the temperature range of «—80—+-60 °C. They
have the Lorentzian shape and equal linewidths, in-
dependent of the total nuclear spin quantum number,
M, in the temperature range of —50—+5 °C. Below
—60 °C, the lines were broadened heterogeneously and
were dependent on M, indicating “anisotropic broaden-
ing.”

On the other hand, as is shown in Fig. 2, the line-
width of 1.02+0.02 gauss at 23 °C in methanolic so-
lutions (7T/7=>510 K/cp) decreases with a decrease in
the temperature to attain a minimum of 0.440.02
gauss at —58°C (T/7=80K/cp). No such a
variation in the linewidth has been previously reported,
and so detailed experiments were focused on this point.

Effects of Solutes. If alkali metal ions play an
important role in some such a manner as ion-pair
formation or any ‘‘chemical exchanges,” the concentra-
tion and the kind of metal ion should affect the line-
width variation with the temperature, However, no
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Fig. 2. Tempexature dependence of the linewidth of
phloxine semiquinone anion in alkaline methanolic
solutions:  Concentrations of the semiquinone and
unreduced phloxine are: © [2.9x10-4, 6.4x 10-5
M; O 4.2x10-% 1.4x10-M; @ 1.3x10-3, 5%

10-2M. [KOH], 0.1 M.
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Fig. 3. Variation of linewidth with 7/y at various
concentrations of KOH in methanol: O 0.2M, &
0.04M, @ 0.005M. Concentration of the semi-
quinone is about 1.5x10-4M.

essential change in the curve was observed over a
range of KOH concentrations (Fig. 3). The variation
in the linewidth with 7/7 was compared for LiOH,
KOH, and NaOH solutions, but no detectable differ-
ences were observed among these systems, as is shown
in Fig. 4. Therefore, it may be concluded that the
effect of the metal ions on the linewidth is negligible
in the present case; any effect on the linewidths by
protons is also ruled out.

Neither the dependence of the semiquinone con-
centration on the linewidth up to 1.3x 103 M, nor
the effects of unreduced parent phloxide D(5x 10-5—
5% 10-3 M) on the linewidth of the semiquinone (10—%
M), were observed between 35 and —75 °C, (Fig. 2),
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Fig. 4. Variation of linewidth with 7/7 in the 0.05
M solutions of KOH (O), NaOH (), and LiOH
Q).
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Fig. 5. Dependence of linewidth on solvent viscosity
at 22°C. The viscosity was varied by changing the
concentration of glycerol (10, 20, 30, 40, and 50
vol%) in methanolic solutions.

It is apparent, therefore, that the variation in the
linewidth proceeds unimolecularly.

Dependence of the Linewidth on the Viscosity of a Solvent.
Since the viscosity of the solution varies with the tem-
perature, measurements were made of the net viscosity
effect on the linewidth, using solutions of various com-
positions of glycerol in methanol at room temperature.
The linewidths at 22 °C are shown in Fig. 5 as a func-
tion of T/7 for mixtures containing 10, 20, 30, 40,
and 50 volY%, glycerol in methanol, where the con-
centration of the semiquinone was kept constant in
the range of 7.2 X 10-5—1.42 x 10~ M.  Figure 5 shows
that the increase in viscosity caused a decrease in the
linewidth of about 0.6 G, which is the same amount
of variation as when the temperature was lowered; it
also shows that the linewidth has a minimum value of
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Fig. 6. Variation of linewidth with 7j7 in 1-pro-
panol (©), 2-propanol (@), and aqueous solutions.
(0).

about 0.4 Gauss at 7/7p=80 K/cp. These results in-
dicate that the linewidth is strongly dependent on the
viscosity of the solvent, or that the linewidth variation
is due to the motion of the solvent molecules. The tem-
perature dependence of the linewidth mentioned above
may also be explained as being due to the motion of
solvent molecules rather than to an intramolecular
motion of the semiquinone.

Effect of Solvents. The ESR spectra of the ph-
loxine semiquinone were also taken in other protic
solvents: 1-propanol, 2-propanol, and water. The
linewidths in three solvents were 0.46, 0.51, and 0.96
Gauss respectively at room temperature. However, the
plots of the linewidth against 77 are similar to that
in the methanolic solution except for slight differences
in curvatures, as is shown in Fig. 6. Since semiqui-
nones were found to be very unstable in aprotic solvents
or even in alcoholic solutions containing only a few
tens vol9, of aprotic solvents, no experiment has been
carried out.

Dependence on the Temperature of Hyperfine Coupling
Constants of Two Protons in Xanthyl Ring. In Fig.
7 is shown the temperature dependence of a sum of
the hyperfine coupling constants of two protons (2a
in Fig. 7) in a methanolic solution. For the other
solvents mentioned above, a similar dependence was
also obtained within the range of experimental errors.

Measurements at the Q-band were also carried out
at room temperature, but no difference from the above
results at X-band was observed in either the linewidth
or the line-shape. Therefore, it may be concluded
that the linewidth is not dependent on the static mag-
netic field, H,.
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Fig. 7. Temperature dependence of hyperfine coupling
constants of protons. The 2ag means the sum of the
coupling constants of two equivalent- protons.

H

Fig. 8. ESR spectra of eosine semiquinone anion:
24 °C; ———, —54°C.

>

ESR Spectra of Eosine Semiquinone. The linewidths
of eosine semiquinone (X=Br and Y=H) increase with
a decrease in the temperature, while the total hyperfine
coupling constants of the four hydrogen atoms on the
9-phenyl ring increase slightly (Fig. 8 and Table 1).
From the spectral simulation, it was found that large
three groups with an intensity ratio of 1:2:1 are
ascribed to two equivalent protons at the 1- and 8-
positions on the xanthyl ring. FEach group is further
split into lines with an intensity ratio of 1:1:3:3:
3:3:1:1 by three nearly-equivalent protons with
hyperfine coupling constants of 0.3 and by one proton

TABLE 1. TEMPERATU’RE DEPENDENCE OF HYPERFINE COUPLING CONSTANTS OF EOSINE SEMIQUINONE
Temp. (°C) 24.0 4.0 —~17.0 —31.0 —43.3 —54.4
ax’ (G) 2.3, 2.3, 2.3, 2.3, 2.4, 2.4,
2an (G) 6.4, 6.4, 6.5, 6.6, 6.4, 6.5,
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of 0.2G on the 9-phenyl ring.V

However, the MO calculation shows that the spin
densities at the 3'- and 5’-positions on the 9-phenyl
ring are much larger than those at the 4'- and 6'-
positions, and that the latter two are nearly equivalent.
These discrepancies must be due to the calculation
being made for a fixed molecular structure. There-
fore, the observed coupling constants are thought to
be the averaged ones under the hindered rotation of
the 9-phenyl ring.

Discussion

The experimental results on the linewidths of phlo-
xine semiquinone may be summarized as follows. The
linewidth decreases with a decrease in the temper-
ature or an increase in the solvent viscosity, while no
further splitting of the lines is observed and their
Lorentzian shapes are kept. The variation in the
linewidth is unimolecular, strongly dependent on the
motion of the solvent molecules and independent of
the H,.

The linewidth variation has mostly been explained
by a usual ‘“chemical exchange” process. However,
this process can not be applied to the present results
as will be described below. According to the simple
exchange process between two different states, A and B,
when the exchanging rate is high, the lines of a Lorentz-
ian shape should appear between each pair of A and
B. As the rate is slowed down, however, the lines are
broadened, deviate from Lorentzian, and finally sepa-
rate into Lorentzian lines intrinsic to A and B, the line-
widths of which decrease. Similar behavior may be
expected when there are three or four different states.3

Other processes which are worth further consider-
ation may be (1) Orbach effects, (2) the spin-rota-
tional coupling,? (3) the collapsing of hyperfine lines
of Cl atoms, and (4) the modulation of the hyperfine
coupling constants of H atoms by interaction with
the solvent molecules.

For the (1) process to be appreciable, the phloxine
semiquinone should have energy levels adjacent to
and above the ground Zeeman levels. However, its
electronic absorption band at 415 nm is sharp, indicat-
ing that the (1) process does not apply.

The (2) process does not apply either, because the
linewidth calculated by Kivelson’s equations® is only
about 5x10-% gauss.®)

According to the (3) process, the linewidth should
be dependent on the spin density on the 9-phenyl ring.
It may be plausible that, with an increase in the
temperature, the xanthyl and the 9-phenyl rings of
phloxine semiquinone may approach a coplanar struc-
ture and that, therefore, the spin density on the latter
ring may increase. This might not be inconsistent
with the linewidth variation in the present results. How-
ever, the roughly estimated linewidth of ‘the collapsed
hyperfine lines of four Cl atoms is about 0.18 gauss at
room temperature,”) six times smaller than the ob-
served value, indicating that the (3) process is not ap
propriate for explaining the results. It is also noted
that the linewidth caused by the quadrupole effects
of Cl atoms is generally smaller in a liquid state, and
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that the effects of the temperature and the viscosity are
opposite to the present results.®)

Now, therefore, we should like tentatively to propose
the (4) process as the most plausible explanation for
the present results. The semiquinone anion of xanthene
dye must form hydrogen bonds at the anionic oxygen
atoms (—0-) of the 11- and 12-positions. This in-
duces the variation in the spin densities, especially at
the 1- and 8-positions, which has been demonstrated
experimentallyl® and from the MO calculation.V)
Therefore, in view of the fact that the linewidth is
strongly dependent on the motion of the solvent mole-
cules, it seems plausible that the modulation of hy-
drogen bonds is a source of the linewidth.

As the temperature increases, the frequency of (a)
the dissociation and/or (b) the ligand exchange of
hydrogen bonds will increase. Suppose that, in the
case of (a), the hyperfine coupling constants of the
hydrogen-bonded form are modulated by its dissociation
that the dissociated (anionic) form has no sufficient
lifetime to be observable in ESR. Then the transverse
relaxation time, T, ..., may be given as below, in-
tuitively by analogy with the lifetime broadening or by
solving the modified Bloch equations by assuming that
the dissociated form has a short lifetime:

Tyons = Tyt + 77t ®)
where 7 is the lifetime of the hydrogen-bonded semiqui-
none and where T, is the transverse relaxation time
when no dissociation of hydrogen bonds occurs. If]
on the other hand, the lifetime of the dissociated form
is long, the process may be regarded as a usual
“chemical exchange” process, which has already been
ruled out.

In the case of (b), a simple exchange of solvent mole-
cules in the ligand causes neither line broadening nor
sharpening, since no difference in the spin state is
expected before and after the exchange. Therefore,
we assume that, in the ligand exchange of the hydrogen-
bonded form, there is an exchange intermediate which
coordinates with excess solvent molecules. Such an
intermediate may have a very short transverse relax-
ation time, since it is easily and frequently distorted
by the collisions of solvent molecules. Therefore, the
relaxation time in the hydrogen-bonded form is given
by the same equation as has been given above from the
modified Bloch equations. This equation is based on
a similar one reported by McConnell'® and Johnson,
Jr.® for the linewidth of the broad-line NMR of
diamagnetic ions undergoing electron-exchange re-
actions with their paramagnetic ions.

The temperature effect of the linewidth being
sharpened with a decrease in the temperature without
any further splitting can be explained by Eq. (1).

The decrease in the linewidths with a decrease in the
temperature, which does not affect the Lorentzian
shape and which proceeds unimolecularly, implies that
the relaxation time can be represented by this equation:

AH = k(' 3gBTy) et
The 7~! may be given by t~'=4 exp (4E/RT); there-
fore, as is obvious from Eq. (1), Tt may also be given

by a similar equation when 7, can be neglected. In
fact, the plots of In T'; 4 vs. 1/ T are linear, from which
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activation energies of 2.1, 3.1, and 2.4 kcal/mol werc
obtained for methanol, 2-propanol, and aqueous so-
lutions. Each of these values is very close to the ac-
tivation energy of the self-diffusion of each solvent,
suggesting a strong dependence of the linewidth upon
the viscosity of the solvent.

The lack of nuclear-spin dependence of the linewidth
may be explained on the basis of the fact that the
formation of hydrogen bonds at the two —O- sites
should be at random, so the spin densities on the 1-
and 8-positions are occasionally in ‘“‘uncorrelated con-
ditions”.? (Cf. Ref. 11)

On the other hand, it is noted that, in the eosine
semiquinone, the 9-phenyl ring undergoes a hindered
rotation, and the resulting modulation of the hyperfine
coupling constants of the H atoms on the 9-phenyl
ring is perhaps a principal source of the linewidth, for
the modulation must be much larger than in the cases

of (a) and (b).
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