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Two kinds of stable radical species exist in mixed Langmuir-Blodgett (LB) films of a merocyanine
dye and arachidic acid. One of the species exhibits clear nitrogen hyperfine structure in ESR spec-
tra, which was previously confirmed by measurements at X and Q bands. Use of the 'N-enriched
dye derivative clearly identified the hyperfine coupling to arise from the nitrogen nucleus in ben-
zothiazole, which belongs to the chromophore of the dye molecule; N—C=C—C=C—C=0.
ESR spectra measured at both X and K bands in unsubstituted and '*N-substituted systems permits
the detailed analysis of in-plane molecular orientation using the spectrum-simulation method incor-
porating three-dimensional freedom of orientation. The analysis of the dependence of the spectra
on the substrate position yields the local orientation of the radical molecules, which shows a higher
degree of orientation toward the edge of the substrate. This behavior coincides with that of the ma-
jority of molecules forming J aggregates, obtained from optical analysis, and is well described by a
recent theory of the flow orientation of molecular domains caused during the dipping process of LB
films. This coincidence between the orientation of the radicals and J aggregates provides new evi-
dence that stable radicals are generated in the J aggregate. The mechanism of radical generation is
discussed in view of our previously proposed model of an intermolecular charge transfer in J aggre-
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gates.

I. INTRODUCTION

The existence of stable radical species has been demon-
strated in the mixed Langmuir-Blodgett (LB) films of a
merocyanine dye and arachidic acid.!”> The chemical
structure of the dye is shown in Fig. 1 as DS and it has
benzothiazole as a donor nucleus. These LB films exhibit
a J band in the optical-absorption spectra in the as-grown
state.> The relevence of the existence of these stable radi-
cals to the nature of the J band’ is of interest.

As reported previously,> > ESP spectra of these LB
films exhibit a clear anisotropy both for the in-plane
and out-of-plane orientations of the film, as shown
by solid curves in Fig. 2. The spectra actually contain
signals from two radical species of different spin-lattice
relaxation times. The saturation behavior of the ESR
signal as well as the electron nuclear double resonance
(ENDOR)-induced ESR spectra separated the over-
lapped spectra and revealed that one of the species (here-
after called species A4) is responsible for the resolved
structure of the in-plane spectra. The second radical
species (hereafter called species B) exhibits nearly struc-
tureless broad line shapes compared with species 4. Fur-
ther, considering the preferential orientation of molecules
expected from the in-plane optical dichroism,? the triplet
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FIG. 1. Chemical structure of a surface-active merocyanine.
The definition of molecular coordinate is also shown.

structure of the higher-field side of the in-plane spectra
centered at g =2.002 was predicted to be a nitrogen
hyperfine structure of a 7 electron from its anisotropic
behavior? and it was later confirmed to be the case by the
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FIG. 2. Orientation dependence of the first-derivative ESR
spectra of a 1000-layered DS film, prepared by manual dipping,
at room temperature (solid line). The external field is normal to
the film plane in (a) whereas it lies in the film plane and makes
an angle of 0° and 90° with the dipping direction of the substrate
for (b) and (c), respectively. The numbers show the g values of
the fields as indicated. Dashed line shows the calculated spectra
for radical species 4. Resonance fields corresponding to the
principal components of the g and the hyperfine tensors are
shown by stick lines at the bottom of the figure.
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comparison of the spectra at the X and Q bands.>* At
the same time, the lower-field peak at g =2.009 was
confirmed to be associated with the g value of another
principal axis (long axis) of the molecule.

Based on this fact, the ESR spectra of species 4 were
analyzed by computer simulation to give a detailed in-
plane orientation distribution function of the paramag-
netic molecules in LB films: in the first step, the in-plane
spectra were analyzed by considering two-dimensional
freedom of orientation.>* Later, we reported an im-
proved method by incorporating three-dimensional free-
dom of orientation.’ The method will be summarized
later in this paper. The calculated spectra are shown by
dotted curves in Fig. 2. These results reveal a charac-
teristic orientation of the radical molecules as shown in
FlIg. 3. The p orbital of the molecule makes an average
angle of ¢,=60° with the dipping direction of the sub-
strate.> > The observed orientation is consistent with the
structure of the J aggregate of dye molecules, derived
from optical analysis”® if we assume that the radicals
originate from the molecules forming J aggregates whose
long axes are aligned along the dipping direction due to a
flow orientation.’ >

Stimulated by these results, the study of flow orienta-
tion started by employing the variation of dipping speed
of LB films in a wide dynamic range. A recent theoreti-
cal analysis of the flow orientation of molecular domains
caused during the monolayer transfer process has suc-
cessfully explained the observed flow orientation effect,
which was studied through the in-plane optical dichroism
of the J band.!®!! An important theoretical prediction is
that the degree of molecular orientation is dependent on
the dipping velocity v,, the width of substrate a, and the

dipping
direction
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FIG. 3. Orientation of stable radical species 4 in the film
plane. ¢, denotes the angle between the p# orbital axis (z axis
in Fig. 1) and the dipping direction of the substrate. The long
axis of the dye chromophore (y axis) is expressed by a thick line.
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position in the substrate, due to the variation of flow
forces. Recent studies of the local variation of the ESR
spectra, depending on the position of the substrate of the
specimens prepared with different values of v; and a,
have successfully confirmed the expected positional
dependence,'>!3 which supports our proposal that the
radical molecules are associated with J aggregates.

In this context, the detection of the nitrogen hyperfine
structure for the spectra of species A confirms that the
radical species A4 are associated with the 7 system of the
dye molecule. As seen from Fig. 1, there are two nitro-
gen atoms in the molecule. Recently we have shown, us-
ing a "N-substituted dye derivative, that the observed ni-
trogen site is the one in benzothiazole (left-hand side of
the molecule).'> This nitrogen belongs to the chromo-
phore part of the molecule, responsible for the optical
properties of the system.

The hyperfine structure due to this isotope, at the same
time, provides a new probe in the analysis of the ESR line
shape. Here we report the confirmation of the hyperfine
structure due to '*N and !°N in unsubstituted and substi-
tuted films, respectively, by measuring the spectra at two
microwave frequencies, X and K bands. The local orien-
tation of the radical species A is discussed from the ob-
served spectra in "’N-substituted samples to examine the
detailed correlation between the orientations of radicals
and those of the majority of molecules obtained by opti-
cal analysis. We also discuss our previously proposed
model of intermolecular charge transfer for the mecha-
nism of radical generation from the spectra at X and K
bands.

II. EXPERIMENTAL

As for N-substituted dye derivative, the enrichment
of N nitrogen in benzothiazole was determined by
NMR to be 99.7%. Samples were prepared by the stan-
dard vertical dipping method, as described previous-
ly.b1%11 The substrates were sheets of polyethylene tere-
phthalate of 0.1 mm thick.! For the measurement of the
dependence of the spectra on the position of the sub-
strate, the samples were cut into pieces with a width of 2
mm, to give the variation along the direction perpendicu-
lar to the dipping direction.

ESR spectra were recorded at the X band by a Varian
E4 spectrometer and at the K band by a conventional
homodyne spectrometer.

III. ESR SPECTRUM SIMULATION METHOD
TO ANALYZE THE THREE DIMENSIONAL
ORIENTATION OF RADICAL MOLECULES

The ESR spectrum simulation method has been em-
ployed for the analysis of molecular orientation in LB
films.!*71® We summarize here the simulation method
incorporating the three-dimensional freedom of molecu-
lar orientation by using Eulerian angles.’

The ESR spectrum of a 7 electron radical, interacting
with a nuclear spin, is well described by the following
spin Hamiltonian:"

H=pzS-EH+S AI. (1)



43 ELECTRON-SPIN RESONANCE OF STABLE RADICALSIN . ..

The first term is the electronic Zeeman energy and the
second term is the hyperfine coupling with a nucleus, N
or PN nucleus in the present case. S, I, and H denote
the electron spin, nuclear spin, and the external magnetic
field, respectively. § and A represent the g tensor and
the hyperfine tensor, respectively.

In Fig. 1 the definition of the coordinate axes in the
molecule is also shown, where we take the z axis as paral-
lel to the p orbital axis. The x and y axes are taken
parallel to the hydrophobic chain bonded to a nitrogen
atom and the long axis of the chromophore, respectively.
In this coordinate system, having p# orbital axis as the z
axis, g the hyperfine tensors become diagonal for the 7
electron radicals.

Figure 4 shows the Eulerian angles (0,¢,), in the usu-
al notation, to define the molecular orientation. X, Y,
and Z represent the coordinates fixed to the substrate,
where the X axis and the Z axis are parallel to the dip-
ping direction and the plane normal, respectively. x, p,
and z are the coordinates fixed to the molecule defined in
Fig. 1. 6 and ¢ define the orientation of the z axis (the p7r
orbital axis) for the out-of-plane and the in-plane orienta-
tions of the substrate. Rough estimation of the orienta-
tion of the z axis is readily possible from the anisotropic
behavior of the triplet splitting in the spectra of Fig. 2.
The N hyperfine splitting shows a clear triplet splitting
due to nuclear spin 1 along the z axis, and a much weaker
splitting along the direction perpendicular to the z axis.!’
The lack of a triplet structure in the spectrum with the
external field along the plane normal in Fig. 2(a) shows
that the z axis is nearly confined in the film plane, that is,
6=90°. In this case, ¥, which shows the rotation of the y
axis (the long axis of the chromophore) around the z axis,
represents the out-of-plane deviation of the y axis.

The direction cosines ([;,m;,n;) with i =x, y, or z of
those molecular axes with respect to the substrate coordi-
nate can be expressed using the Eulerian angles according
to the standard procedure. When the direction cosines of
the external field to the substrate are given by (L,M,N),
the direction cosines (I,m,n) of the external field with
respect to the molecular coordinate are expressed as

I=H%=LI_+Mm, =Nn, , )

and similar expressions for m and n. Then the molecule
shows the g and hyperfine coupling values given as fol-
lows:!8

J
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FIG. 4. Eulerian angles to define the molecular orientation in
the substrate. The X, Y, and Z axes are the coordinates fixed to
the substrate, where the X and Z axes are parallel to the dipping
direction and the plane normal, respectively. The x, y, and z
axes show the coordinate fixed to the molecule, as defined in
Fig. 1.

gX(6,6,9) =g’ +gim*+g’n?, (3)
A%6,,9)= A+ Alm>+ An* . (4)

Here g; and A; with i =x,y,z show the principal tensor
components. The resonance field for the molecule point-
ing (0, ¢, ) direction is given as

Hres(9’¢’¢’m1):[hv—mIA (97¢,¢)]/g(97¢,¢)[13 .
(5)

Here hv shows the energy of the microwave photon. m;
is the magnetic quantum number of the nuclear spin.
The magnitudes of the hyperfine couplings of N (I =1)
and PN (1 =1) nuclei are related to each other through
the difference of their gyromagnetic ratios!® as

A(PN)/A4;,(MN)=y(PN)/y(1*N)=1.403,
i=x,y,z . (6)

Therefore, the triplet structure due to YN in Fig. 2
should be replaced by a doublet structure with the split-
tinlg5 40% larger than that of the triplet upon substitution
of °N.

The ESR spectrum I (H) for the given orientation of
the external magnetic field is obtained by summing the
contributions from all orientations of molecules consider-
ing the orientation distribution as

IH)=3 fo”fo”fo”F[H —H,.(0,6,9,m;)1P(0,¢,¢)sin0dOd ¢ d . (7
my

Here the function F is the line-shape function, which is
assumed to be Gaussian with isotropic linewidth, for sim-
plicity. The function P is the distribution function for
the molecular orientation. In our previous papers,>* we
have shown that the z and y axes are nearly confined in
the plane 6=90° , ¥=0°. Considering this point we as-
sume that the function P can be decoupled into the prod-
uct of the distribution functions of each angle, the func-

tional form previously adopted being retained. The in-
plane distribution function for ¢, for example, becomes

P(¢) = exp[ —sin®(¢E¢,) /2 sin%8] . (8)
Here t¢, shows the most probable orientation. & shows

the width of distribution. In the case of P(¢), the physi-
cal basis has been given by the flow orientation theory as
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the Boltzmann function,'®!! to be discussed later.

Employing the above procedure, the spectra of unsub-
stituted film shown in Fig. 2 could be analyzed. For g
and the hyperfine tensor components, the following
values were deduced from the observed g values and
hyperfine splittings: g, =2.0068, g, =2.0093,
8,=2.0023, and 4,=5.5 G. A,=A4,=1.1 G and the
peak-to-peak width?® of 3.1 G of the Gaussian function in
Eq. (8) was estimated from the width of the spectrum
along the plane normal in Fig. 2(a) and the widths of
structures of the in-plane spectra in Figs. 2(b) and 2(c).
Using those values, good agreement between the calculat-
ed spectra of species 4, shown by broken lines in Fig. 2,
and the observed spectra was obtained for the distribu-
tion functions of the form in Eq. (8) with the parameter
values as listed below. The difference between the ob-
served and calculated curves is due to the overlapping
signal from the second radical species (species B) as men-
tioned above.

The in-plane distribution function parameters are
¢o=60°-65° with 6=25°-30°, which are consistent with
the previous estimates considering the two-dimensional
degree of freedom of orientation. The average in-plane
orientation of the radical molecules is schematically
shown in Fig. 3.

The out-of-plane distribution parameters are
0,—90°=7° with 6=6°-8" and ;= 5° with §=10°. These
parameters directly characterize the deviation of the pm
orbital axis (z axis) or the long axis of the chromophore (y
axis) out of the plane, which leads to the slight asym-
metry of the nearly Gaussian line shape observed along
the plane normal in Fig. 2(a), due to the g value distribu-
tion. The higher degree of orientation along the plane
normal (§=6°-8° for ), compared with the in-plane dis-
tribution, is consistent with the lamellar structure of LB
films. The long axis of the molecule is nearly confined in
the plane (1~ 5°), which is consistent with the results of
optical absorption® as well as the results of electroabsorp-
tion.?!

In the next section we extend the spectrum simulation
method developed in this section to the spectra of N-
substituted films as well as the spectra taken at the K
band and further examine the molecular orientation in
the present system

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. ESR spectra of !’N-subsituted and unsubstituted
DS films at X and K bands

Figure 5 shows the comparison of ESR spectra at the X
band (9.27 GHz) and the K band (24.1 GHz) for an un-
substituted DS film, prepared by manual dipping, at
room temperature. The direction of the external magnet-
ic field is the same as that for Fig. 2(c) and is parallel to
the film plane and perpendicular to the dipping direction.
For this direction of field, the triplet hyperfine splitting of
4N along the pr orbital axis becomes most prominent.
The solid curve in Fig. 5(a) shows the spectrum at the X
band, while that in Fig. 5(b) shows the spectrum of the
same sample at the K band. It is seen that the triplet

KURODA, IKEGAMI, TABE, SAITO, SAITO, AND SUGI 43

(a)

(b) 9y

FIG. 5. Comparison of the first-derivative ESR spectra at the
X band [9.27 GHz; solid curve in (a)] and the K-band [24.1
GHGz, solid curve in (b)] in a 1000-layered DS film, prepared
by manual dipping. Spectra were recorded at room temperature
with the microwave power 2 mW. The external field is parallel
to the film plane and perpendicular to the dipping direction [the
same case as Fig. 2(c)]. g, and g, show the g values of corre-
sponding molecular axes. Dashed lines in (a) and (b) show the
calculated spectra of species A according to the method de-
scribed in Sec. III, using the common parameters of ¢,=60° and
6=25° for the in-plane distribution function of Eq. (8). Stick
lines show the triplet hyperfine structure due to *N nucleus
with principal g and hyperfine tensor components along the y
axis (lower-field side) and the z axis (higher-field side).

hyperfine structure is retained at both frequencies, while
the separation between the center of the triplet marked
by g, and the lower-field peak marked by g, increases
linearly with the microwave frequency. This is consistent
with the previously reported results at the Q band, which
led to our assignment of the triplet structure to the nitro-
gen hyperfine splitting along the z axis and the lower-field
peak to the hyperfine line along the y axis of the molecule
(triplet being not resolved because of the linewidth). The
hyperfine structure corresponding to the principal tensor
components are marked by triplet stick lines in each
figure.

The dashed line in Fig. 5(a) shows the calculated curve
with ¢,=60° and 6=25° with other parameters being the
same as listed in the previous section. Since the spectrum
at the K band is easily calculated according to the
method described in Sec. IIT by simply changing the
value of Av in Eq. (5), the validity of the previous analysis
at the X band can be crucially examined by checking
whether or not the calculated spectrum of the K band,
using the same values of parameters as those used in the
X band simulation, reproduces the observed curve at the
K band. The dashed line in Fig. 5(b) is the calculated
curve. Although the spectra of species B is not yet clear
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at the K band, it is seen that the observed feature of the
spectra is well reproduced by the calculation, as in the
case of the X band. This assures the validity of the
present analysis. From these calculations, the values of
¢$o=060° and §=25° were found to be preferred to ¢,=65°
and 8§=30° for the data shown in Fig. 5. As to be men-
tioned, however, the value of ¢, actually shows a certain
sample dependence around ¢,~ 60°.

Figure 6 shows a similar comparison of the spectra at
the X band [Fig. 6(a)] and the K band [Fig. 6(b)] in a DS
film using '°N-substituted dye, prepared with the condi-
tions of @ =13 mm and v, =50 mm/min. The direction
of the external magnetic field is the same as that in Fig. 5.
As is clearly seen, the triplet hyperfine splitting in Fig. 5
is completely replaced by the doublet hyperfine splitting
with the splitting being 40% larger than that of the trip-
let. This is consistent with the difference of the nuclear
spin and gyromagnetic ratio of '*N and ’N mentioned in
the previous section. Doublet stick lines show the
hyperfine structure corresponding to the principal tensor
components due to '’N. Therefore the present results
confirm that the nitrogen hyperfine coupling arises from
the nitrogen nucleus in benzothiazole and hence the wave
function of radical species A is directly associated with
the dye chromophone which determines the electronic
states of the J aggregate. This fact suggests that the gen-
eration of radical species A is intrinsically related to the
nature of the J aggregate.

The dashed lines in Fig. 6 show the calculated curves
at the X and K bands with ¢,=58.5° and §=25° in this

(@)

FIG. 6. Similar comparison of the first-derivative ESR spec-
tra at the X band [solid curve in (a)] and at the K band [solid
curve in (b)] as Fig. 5 in a "N-substituted DS film using dye
with the nitrogen in benzothiazole (left-hand side of the mole-
cule in Fig. 1) being 99.7% substituted by !N. The specimen is
a 150-layered film prepared with the substrate width of a =13
mm and the dipping speed of v, =50 mm/min. Calculated spec-
tra at X and K bands use ¢,=58.5" and §=25°. Stick lines show
the doublet hyperfine structure due to !N nucleus along princi-
pal axes.

2535

case. The value of ¢ is slightly smaller than that deter-
mined in Fig. 5, showing an example of the sample
dependence of ¢, It is also seen in this case that the
same parameter values reproduce the spectra both at the
X and K bands considerably well, again confirming the
validity of the present analysis.

As will be discussed below in detail, the value of §
show a local variation in the substrate. On the other
hand, the data shown in Figs. 5 and 6 are the spectra of
the whole sample area and the values of § cited above
should be considered as effective values averaged over the
whole sample area. Comparison between the observed
curves and the calculated curves at the X and K bands
can be similarly extended to the local spectra.

B. Locally resolved ESR spectra in >N-substituted DS
films at the X band

As pointed out in Sec. I, in the case of unsubstituted
DS films, the spectra showed clear dependence on the po-
sition in the substrate for the samples prepared with
different values of v; and a and the effect was quantita-
tively explained by the flow orientation theory.!>!® It is
therefore expected that a similar behavior can be ob-
served in '*N-substituted films.

A recently developed model of the flow orientation of
monolayers during the dipping process'®!! provides the
physical basis for the distribution function in Eq. (8). In
this model, the monolayer and the substrates are approxi-
mated by a two-dimensional ideal fluid and a line sink, re-
spectively. Flow forces acting on the molecular aggre-
gates, elongated in shape, can be calculated from the ve-
locity gradient tensor. The orientation of the aggregates
is determined from the balance between the flow force
and the disturbance due to the rotary Brownian motion,
resulting in the Boltzmann distribution of identical form
with Eq. (8), the width of the distribution being given as
follows:

1/2sin’8=¢(G /ky T . )

Here ki and T represent the Boltzmann constant and
temperature, respectively. § is the effective rotatory fric-
tion coefficient and G corresponds to the eigenvalue of
the velocity gradient tensor. The local stress {G is given
as a sum of two terms, assuming a Bingham fluid, consid-
ering the plasticity of the monolayer;

EG=C(4/m)vy/a)1—4x2/a®) T+, . (10)

The first term on the right-hand side is a Newtonian term
proportional to the velocity gradient. ¢’ shows a
Newtonian friction coefficient. v; and a show the dipping
velocity and the width of the substrate, respectively.
x(—a/2=<x =a/2) denotes the position relative to the
center of the substrate, along the direction perpendicular
to the dipping direction. The second term 7, is a con-
stant denoting the Bingham yield value, below which the
fluid behaves like an elastic body.

The term v, /a in Eq. (10), combined with Egs. (8) and
(9), predicts the higher degree orientation, i.e., the small-
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er value of 8, for the higher dipping velocity or narrower
substrate width. The dependence of the local orientation
on the substrate position originates from the term
(1—4x2%/a?)"'in Eq. (10). The higher degree of orienta-
tion is expected toward the edge of the substrate, that is,
x —+a /2. The dependence of the molecular orientation
on these parameters, v;/a and x/a, was actually ob-
served by the optical study.!! The optical absorbance of
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the system for the given direction of the electric vector of
incident light is, in the first approximation, given by
averaging the square of the direction cosine of the transi-
tion dipole moment of molecules.?>?3 The dichroic ratio
R defined as the ratio of the absorbance for the electric
vector parallel and perpendicular to the dipping direc-
tion, can be calculated using the distribution function
defined in Egs. (8)-(10) as

R =[Iy(£G 2k T)+1,(EG /2ky T)cos2a]/[Io(EG /2ky T)—1,(EG /2k s T)cos2a] . (11)

Here I, and I, are the modified Bessel function of the
zeroth and the first orders, respectively, and « is the an-
gle between the dipping direction, which is parallel to the
long axis of the J aggregate, and the transition dipole mo-
ment as defined in Fig. 2. By analyzing the dependence
of the optical dichroic ratio of the J band on the substrate
position in the DS films prepared with various values of
v, and a,'! good agreement between theory and experi-
ment was obtained and the parameter values were deter-
mined as follows: ¢'=5.0X10"% kgm?s™! and
T6=6.2X10" kgm?s~ 2 in Eq. (11) and a=33.5°.

Since the characteristic in-plane orientation of radical
molecules, shown in FIg. 3, obtained by previous ESR
studies® > strongly suggests that the radicals originate
from the molecules in the flow-oriented J aggregates,
similar dependence of the orientation of radical molecules
on the parameters v, /a and x /a is expected. In the case
of optical absorbance, the dependence of R on v, /a and
x /a was found to be well reproduced by Eq. (11) and the
least-squares fitting of the data yielded the parameter
values of {’, 7, and a as described above. It is obvious,
however, that the single datum of R obtained for particu-
lar values of v, /a and x /a cannot yield the unique deter-
mination of two independent values of {G and « in Eq.
(11). On the other hand, ESR is a powerful method
which can determine the distribution function of any
sample, with any values of v;/a and x /a in this case,
through the spectrum simulation method®® and hence-
forth simultaneously yields the values of § and ¢, in Eq.
(8), which provides the independent determination of
EG(=kpT /25in%8) and a( =90°— ¢y).

Of particular importance is the observation of the local
variation of 8 expected from the first term of the right-
hand side in Eq. (10), since the effect can be studied in a
single sample and therefore the result is not affected by
the sample dependent variation of ¢, which will be dis-
cussed later. Figure 7 shows the value of 8 as a function
of x /a calculated from Egs. (9) and (10) for two different
cases of v;/a employed in the measurements shown in
Figs. 8 and 9. The upper curve corresponds to the case of
a =13 mm and v, =50 mm/min and the lower one to
a =13 mm and v; =100 mm/min. These curves are appl-
icable to the different values of v; or a, as long as the ra-
tio v, /a is being kept the same. As discussed above, &
decreases toward the edge of the substrate.

Solid curves in Fig. 8 show an example of the depen-

r
dence of the ESR signal on the substrate position in a
>N-enriched DS film prepared with ¢ =13 mm and
v, =50 mm/min. Similarly the curves in Fig. 9 show the
results in a film prepared with ¢ =13 mm and v, =100
mm/min. For both figures the external field lies in the
film plane and is perpendicular to the dipping direction of
the substrate. Data were recorded with a microwave
power of 2 mW at room temperature. In each figure, the
values of x at the center of a substrate of a 2-mm width at
5, 3, and 1 mm for the top, middle, and bottom curves,
respectively. The local variation of ESR signal is most
clearly recognized as the variation of the relative intensi-
ty of the shoulder marked by an arrow in each curve.
The intensity of the shoulder reflects the relative intensity

6 (deg)

1 1 1 1
01 02 03 04
xla

FIG. 7. The calculated value of & as a function of x /a for
two values of v, /a using Egs. (9) and (10). The upper curve cor-
responds to the substrate width of @ =13 mm and the dipping
velocity of v, =50 mm/min, used for the data in Fig. 8 and the
lower curve to @ =13 mm and v, =100 mm/min, used in Fig. 9.
Three arrows in each curve correspond to x =1, 3, and 5 mm
from left to right, for which the ESR spectra are shown in Figs.
8 and 9.
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U L

FIG. 8. Dependence of first-derivative ESR spectra on the
substrate position in a 150-layered mixed LB film of '*N-
substituted DS and arachidic acid prepared with ¢ =13 mm and
vy =50 mm/min (solid curves). External magnetic field lies in
the film plane and is perpendicular to the dipping direction of
the substrate. The values of x in Eq. (10) at the center of 2-mm-
wide substrates are 5, 3, and 1 mm for the top, middle, and the
bottom curves, respectively. Dashed lines show the simulated
curves of the spin species A using the estimated value of § in
Eq. (8) calculated from Eq. (10). Stick lines at the bottom of the
figure show the resonance fields due to the principal com-
ponents of g and nitrogen hyperfine tensors.

of the resolved doublet hyperfine structure of >N nucleus
along the z axis, marked by stick lines at the bottom of
each figure, and henceforth reflects the degree of orienta-
tion of the z axis along this direction of magnetic field.

The dashed curve in Fig. 8 shows the calculated ESR
line shape with the value of 6 in Eq. (8) being theoretical-
ly calculated from Egs. (9) and (10); 6=26°, 25°, and 21°
for x=1, 3, and 5 mm, respectively, using
£'=5.0x10"2 kgm?s~! and 7,=6.2X 1072 kgm?s 2
in Eq. (10). As mentioned above, these values of {’ and 7,
were obtained from the analysis of the flow dichroism of
the J band in the optical absorption spectra,'! and there-
fore account for the angular distribution function of the
majority of molecules forming J aggregates. The value of
¢,=>58.5° is chosen so as to reproduce the observed
curves as close as possible.

The line-shape variation according to the position of
the substrate is reasonably reproduced by the theoretical-
ly predicted values of &. That is, the intensity of the
resolved doublet structure increases toward the edge of
the substrate, which can be recognized as the relative in-
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FIG. 9. Similar dependence of observed (solid line) and cal-
culated (dashed line) first-derivative ESR spectra on the sub-
strate position as Fig. 8 in a '’N-substituted film prepared with
v, =100 mm/min. The values of x in Eq. (10) at the center of
2-mm-wide substrates are 5, 3, and 1 mm for the top, middle,
and the bottom curves, respectively.

crease of the intensity of the shoulder marked by the ar-
row. This results from the higher degree of orientation
toward the edge. It should also be noted that the intensi-
ty change of the doublet structure by a given shift of the
substrate position is more prominent for the edge, from
x =3 mm to 5 mm, than the center, from 1 mm to 3 mm,
which is well understood from the functional form
(1—4x%/a?)”"!. The consideration of the variation of &
within a 2-mm-wide substrate, according to Eq. (10),
does not significantly modify the calculated curve shown
in Fig. 8, using the value of 6 corresponding to the center
of the 2-mm-wide substrate. We also note here that the
apparent difference between the observed and calculated
line shapes is mostly resolved if we consider the overlap-
ping signal from species B. The agreement between the
observed and calculated curves obtained here for the
I5N-substituted sample, prepared with ¢ =13 mm and
vy =50 mm/min, coincides well with the case for the un-
substituted sample, prepared with the same condition, re-
ported in Ref. 12.

The dashed curve in Fig. 9 similarly shows the calcu-
lated spectra. In this case, the values of §=22° 20°, and
16° are calculated for x =1 mm, 3 mm, and 5 mm, re-
spectively. The smaller values of 8 compared with the
above case reflects the higher dipping velocity of v, =100
mm/min employed in this case. As a result, the relative
intensity of the doublet structure indicated by arrows is
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more pronounced in the curves in Fig. 9 than in those in
Fig. 8, reflecting the higher degree of orientation. Al-
though the general tendency of the line-shape variation is
reproduced fairly well also in this case, there is a
discrepancy between the observed and calculated curves,
which become more clearly recognized for the top curve
than the other two curves. This situation again coincides
well with the case for the unsubstituted sample prepared
with the same condition.!*> A possible cause for the
discrepancy will be discussed later.

The enhanced degree of orientation for the higher dip-
ping velocity observed by ESR is also well demonstrated
in the optical dichroism of J band. Figure 10 shows an
example of the anisotropy of the optical absorption taken
at the center of the substrate in 4-layered ’N-substituted
DS films, for a sample prepared with ¢ =13 mm and
v, =50 mm/min in Fig. 10(a) and that with ¢ =13 mm
and v, =100 mm/min in Fig. 10(b). The spectral line
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FIG. 10. Dependence of the in-plane optical dishroism of
>N-substituted DS films on the dipping velocity. Specimens are
4-layered films prepared with the substrate width of @ =13 mm
and the dipping velocity of v, =50 mm/min for (a) and v, = 100
mm/min for (b). The solid and the dashed lines correspond to
the electric vector parallel and perpendicular to the dipping
direction, respectively.
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shape associated with the J band of *N-substiuted sam-
ples coincide with that of unsubstituted samples.*!! In
both figures, the polarization vector lies in the film plane
and parallel to the dipping direction of the substrate for
the solid curves and perpendicular to the dipping direc-
tion for the dotted curves, respectively. As seen from the
figure, the dichroic ratio R is larger for the case of Fig.
10(b) with a higher dipping velocity. The observed di-
chroic ratios of 1.43 in the case of Fig. 10(a) and 1.65 in
Fig. 10(b) coincide with the previous results in 10-layered
or thicker unsubstituted films prepared with correspond-
ing values of a and v,; within an experimental error. The
effect of layer thickness on the value of R was found to be
almost negligible for the films thicker than 4 monolayers
in the present system.

Incidentally, if the ESR anisotropy and optical di-
chroism keep a good correlation, as demonstrated here,
the sample dependence of ¢, observed in ESR, as pointed
in Sec. IV, should result in the corresponding variation of
optical dichroic ratio R. One typical example is that the
initially obtained '’N-substituted film prepared with
a=13 mm and v, =50 mm/min~! showed a consider-
ably high value of R =2.8 without change of the J-band
peak position, compared with R =1.43 for the film
prepared with the same condition shown in Fig. 10(a).
Correspondingly, the ESR spectrum showed a more
resolved doublet structure with a larger value of ¢,=64".
This is why the doublet structure of the spectra in Fig. 4
of Ref. 12, obtained at x =5 mm shows a much larger
relative intensity compared with the bottom curve of Fig.
8, obtained under the same conditions of v, /a and x /a.
Although the observed value of R =2.8 is considerably
larger than that calculated from ¢,=64° of R =2.0, the
result certainly shows the strong correlation between ¢,
and R. The variation of ¢, may be related to the
difference of the shape of two-dimensional crystallites
containing DS and arachidic acid formed on the water
surface, however, the problem is left open for further in-
vestigation.

As for the cause of the discrepancy between the ob-
served and calculated curves in Fig. 9, it is noted that the
discrepancy is most clearly recognized for the top curve
in Fig. 9 as the appearance of the peak at g =2.009 along
the y axis in the observed curve (marked by an asterisk),
which lacks in the calculated curve. Since this peak be-
comes more prominent as the degree of orientation be-
comes lower, which can be seen from the comparison of
the calculated curves in Figs. 8 and 9, the prominence of
the peak may indicate the increase of poorly oriented or
unoriented domains. Preliminary calculation incorporat-
ing the effect of unoriented domains showed that the in-
tensity of the peak at g =2.009 can be enhanced by such
effect. Such unoriented domains may be produced to-
ward the edge of substrate, where the shearing stress
diverges in the present model.!®!! Although the diver-
gence at the edge is unrealistic, the higher shearing stress
may cause the degradation of the film structure, resulting
in the increase of an unoriented portion. More detailed
discussion of this edge effect is beyond the scope of this
paper.

Despite the above-mentioned minor discrepancy, it
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should be emphasized that both the local orientations of
the radicals and the majority of molecules forming J ag-
gregates are well described by the theory of flow orienta-
tion where the degree of the orientation is governed by
the parameters of v,/a and x/a. This detailed coin-
cidence between the orientation of radical molecules and
that of the majority of molecules forming J aggregates
provides new important evidence that the radicals have
their origin in J aggregates.

C. Origin of stable radicals — possibility
of intermolecular charge transfer in J aggregates

We have previously proposed an intermolecular charge
transfer model for the mechanism of the radical genera-
tion.! 7> As mentioned in Sec. I, ESR spectra contain the
signals from two radical species, 4 and B, of comparable
spin concentration in the dark condition. Their ESR in-
tensities seem to be simultaneously enhanced under il-
lumination.>* These facts strongly suggest that the ob-
served radicals are the cation and anion radicals generat-
ed by an intermolecular charge transfer in J aggregates.

In this model, the wave functions of the radicals should
coincide with HOMO and LUMO of the dye molecule.*
The detection of the nitrogen coupling in benzothiazole
of the present study shows that the radical wave function
is directly associated with the dye chromophore,
N—C=C—C=C—C=0, on which electron densities
of HOMO or LUMO are expected. The observed
hyperfine coupling along the z axis of 5.4 G in the case of
the N sample gives an estimation of the spin density on
the nitrogen of p =~0.2, using the linear relation between
the hyperfine coupling and spin density; 4.,,s= Aypy
with 4,=32 G for the '*N nucleus.!” The location of
spin density other than the nitrogen may be further stud-
ied by isotope substitution of relevant nuclear spin sites.

As for species B, observed g values are consistent with
those of m-electron radical. It should also be pointed out
that the observed spectral of species B show distinct an-
isotropy, which is clearly recognized by the difference of
spectral region between Figs. 2(a) and 2(c), showing that
the species B is also an oriented m-electron radical. The
spectral width with no resolved structures of species B
may be consistent with the situation of distributed spin
density on the molecular skeleton, giving rise to the un-
resolved hyperfine structure due to protons and nitrogen
atoms. Concerning this point, contrary to the case of
species 4, no distinct spectral change of species B was
observed by the substitution of '>N. This situation be-
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comes clear if we notice from Figs. 5 and 6 that the
higher-field tail of the spectra due to species B is recog-
nized both at the X and K bands in *N-subsituted and
unsubstituted films without significant change. Thus no
large spin density exists on the nitrogen in benzothiazole
in the case of species B and the linewidth may arise from
other nuclear spin sites. It would be useful to use the iso-
tope substitution of relevant nuclear sites to reveal the
wave function of species B.

Although the molecular orbitals of radical species A4
and B are not yet completely clear at present, it should be
emphasized that the generation of these stable radical
species is a new phenomenon associated with J aggre-
gates formed as monolayer assemblies in LB films and the
observed nitrogen spin density is expected to probe the
electronic states of dye molecules in the aggregated state.

In conclusion, we have made ESR studies of the stable
radicals, species A and B, existing in the mixed
Langmuir-Blodgett films of a merocyanine dye and ara-
chidic acid. Comparison of the spectra of the films using
5N-subsituted and unsubstituted dyes identified the ob-
served hyperfine structure of species A4 to be arising from
the nitrogen in the dye chromophore. ESR spectrum
simulation method considering the three-dimensional
freedom of orientation was developed to analyze molecu-
lar orientations and its validity was confirmed by apply-
ing the method to reproduce the frequency dependence of
the spectra at X and K bands using the same parameter
values for angular distribution function. Positional
dependence of the ESR spectra in the substrate was ana-
lyzed and the local orientation of the radical species A4
showed a higher degree of orientation towards the edge
of the substrate. The behavior coincides well with that of
the majority of dye molecules forming J aggregates de-
duced from optical analysis, and is well described by the
recent theory of flow orientation during the LB dipping
process. The coincidence provides new evidence that the
radicals originate from J aggregates. Further work is
suggested to examine the possibility of the assignment of
the radicals 4 and B to either the cation or anion of the
dye molecules, as previously proposed by the model of in-
termolecular charge transfer in J aggregates, through the
study of the molecular orbitals of these radicals by identi-
fying possible hyperfine couplings.
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