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ESR and ENDOR Studies of Functional LB
Films

S. KURODA, K. IKEGAMI and M. SUGI
Electrotechnical Laboratory, Tsukuba, Ibaraki 305, Japan

Role of ESR and ENDOR spectroscopies in the characterization of functional LB films is discussed.
Two illustrative examples are shown. In the first case, the detailed study of in-plane molecular orientation
is discussed from the analysis of the ESR and ENDOR spectra of the stable radicals detected in LB
films of a merocyanine dye. By identifying a nitrogen hyperfine structure, computer simulation of the
ESR spectra yields a characteristic orientation of radicals with respect to the dipping direction of the
substrate. The results strongly suggest a flow orientation of J-aggregates from which radicals may
originate. The observed orientation is well described by the recent theory of flow orientation.

In the second case, study of the temperature dependence of ESR signal, in particular the spin
susceptibility, is shown to provide the microscopic evidence for the development of columnar structures
in conducting LB films composed of amphiphilic charge-transfer complexes.

. INTRODUCTION

Langmuir-Blodgett (LB) technique has been attracting attention as a tool for ar-
ranging molecules into monolayer assemblies.!? By choosing various kinds of func-
tional molecules these LB films may exhibit new functions unique to the alignment
of molecules in monolayers. At the same time, developed LB films may serve as
a system which can exhibit new phenomena unique to their structures. To under-
stand the mechanism of new functions or new phenomena, it is necessary to char-
acterize microscopically the structures and electronic states of molecular aggregates
formed in LB films. We discuss here the role of electron spin resonance (ESR)
and electron nuclear double resonance (ENDOR) spectroscopies in such micro-
scopic analysis. Two illustrative examples shown here are the studies carried out
in Electrotechnical Laboratory. One is the ESR and ENDOR studies of merocy-
anine-dye LB films, in which dye molecules form J-aggregates.?>~” The other is the
ESR studies of conducting LB films composed of amphiphilic charge-transfer com-
plexes.8-1°

The first example is related to the analysis of molecular orientation. In the
structural studies of LB films, the orientation of molecules is one of the fundamental
problems. ESR spectroscopy was employed to study the molecular orientation in
copper-containing L.B films by studying the out-of-plane anisotropy of the spec-
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tra.'-13 In those works the tilting of the principal axis of g tensor with respect to
the plane normal was determined. In addition, the existence of the in-plane pref-
erential orientation of molecules was already pointed out in references 11 and 12.
However, the spectra were measured for only one direction in the film plane and
no detailed measurements and analysis of the in-plane spectra were presented.

On the other hand, we introduced the plastic substrate of polyethylene tere-
phthalate, which can be cut to fit any desired geometry in the ESR sample cavity.?
This enabled us to perform the first direct measurements and analysis of the in-
plane ESR spectra in the LB system using LB films of a merocyanine dye diluted
with arachidic acid.*-7 This system contains high-concentration stable m-electron
radicals in the dark condition, which possibly arise from an intermolecular charge
transfer in J-aggregates. ESR spectra of this system contain contributions from two
radical species. The deconvolution of overlapped ESR signals of these species was
accomplished with the aid of ENDOR-induced ESR technique. A clear hyperfine
structure due to a nitrogen necleus in the dye molecule is resolved for the in-plane
spectra of one of the species, permitting the detailed analysis of the in-plane mo-
lecular orientation using an ESR spectrum simulation method. The results strongly
suggested a flow orientation of J-aggregates from which radicals may originate.
The observed in-plane orientation is successfully described by the recently devel-
oped theory of flow orientation during LB dipping process.!*!> The above topic
will be described in the next section. Problems of in-plane orientation in LB films
are attracting increasing attention.®

The second example is the ESR characterization of the structure and electronic
states of conducting LB films composed of amphiphilic charge transfer complexes.
Temperature dependence of the ESR signals provides the microscopic evidence
for the development of electrically conducting columnar structures of constituent
molecules. In the case of N-docosylpyridinium-(TCNQ), LB films, the system was
shown to be REHAC (Random-Exchange Heisenberg Anitiferromagneitc Chain)
system.®® The concentrations of structural defects were quantitatively obtained
from the temperature dependence of the spin susceptibility. In the case of (TMTTF),-
(tetradecylTCNQ), LB films, anomalous temperature dependence of the linewidth,
spin susceptibility and g values suggested the occurrence of Peierls instability char-
acteristic of one-dimensional conductor.!® These topics will be described in section
II.

. CHARACTERIZATION OF IN-PLANE MOLECULAR ORIENTATION IN LB
FILMS OF A MEROCYANINE DYE

1. J-aggregates in merocyanine-dye LB films

The chemical structure of surface-active merocyanine dyes is shown in Figure 1 as
DX with X = O, S or Se. Each molecule has a donor nucleus (left-hand part of
the molecule) and an acceptor nucleus (right-hand part of the molecule) connected
with a conjugated chain. LB films of these dyes, diluted with arachidic acid
CH,(CH,),sCOOH (abbreviated as C,,), have been known as anisotropic photo-
conductors.!”'® Among those, as-grown films of DS and DSe show a characteristic
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FIGURE 1 Chemical structure of surface-active merocyanine dyes. Definition of molecular axes is
also shown.

red-shifted band, J-band, in the optical absorption spectrum, indicating the for-
mation of J-aggregates of dye molecules. Figure 2 shows a typical optical absorption
spectrum of an as-grown DS film. In addition, the dissociation and restoration of
J-band were shown to be controlled by the secondary treatments using heat, acid
and base.'?° The dotted line in Figure 2 shows the spectrum after the J-band is
dissociated by a heat treatment. These facts indicate the structural flexibility of
J-aggregates in LB films. In fact, the degradation of orientational order of dye
molecules after heat treatments were observed by the polarization dependence of
optical absorption'® or EXAFS measurements.?' These thermo- and chemo-chro-
mism suggest an application as optical memories.

Another interesting feature of J-aggregates in these LB films is the preferential
orientation of transition dipole moment of dye molecules in the film plane, as
evidenced from the in-plane optical dichroism.!® Figure 3 shows the dependence
of the optical absorption on the polarization in the film plane. The polarization
vector lies in the film plane and parallel to the dipping direction of the substrate
for the solid line and perpendicular to the dipping direction for the dotted line,
respectively. The larger intensity of the solid line shows that the transition dipoles
are preferentially oriented along the dipping direction. In Figure 1 is also shown
the definition of the coordinate axes in the molecule. z-axis is parallel to the pw
orbital axis which is normal to the molecular plane. x- and y-axes are nearly parallel
to the hydrophobic chain bonded to the nitrogen atom and the long axis of the

400 500 600
A (nm)
FIGURE 2 Formation of J-band in the optical absorption spectrum of an as-grown DS film (solid

line) and its dissociation after heat treatment (dashed line). Ordinate shows the absorbance per mon-
olayer (after reference 6).
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FIGURE 3 In-plane optical dichroism of a DS film. The solid and the dashed lines correspond to the
electric vector parallel and perpendicular to the dipping direction, respectively (after reference 15).

chromophore, respectively. Here the chromophore shows the central portion of
the molecule, consisting of conjugated chain terminated by nitrogen in the donor
nucleus and the oxygen in the acceptor nucleus; N - C=C -C=C~C =
O. The transition dipole moment may be nearly parallel to y-axis. From the struc-
ture of LB films it is expected that x-axis is nearly normal to the film plane, while
y- and z-axis lie in the film plane. This picture is consistent with the area per
molecule of 60A2 and the results of electro-absorption spectroscopy.? Thus pw
orbital axis (z-axis) becomes preferentially oriented along the direction perpen-
dicular to the dipping direction. Such preferential orientation of the dye molecules
was actually found in the anisotropy of ESR signal of this system.*-’

2. Stable radicals in DS LB films

While a merocyanine is diamagnetic, ESR studies of those DX LB films revealed
the existence of paramagnetic species and signal enhancement by illumination.3#-23
The detection of photo-induced ESR signal is not surprising, if we consider that
these LB films are photoconductors as pointed above. In DS LB films, however,
exceptionally high-concentration stable radical species with the concentration
of about 1 spin/several hundred dye molecules were detected in the dark condi-
tion.>7 These stable radicals are suggested to be originating from an intermolecular
charge transfer in J-aggregates formed in LB films.

The solid curves in Figure 4 show the orientation dependence of the first deriv-
ative ESR spectra at X band (9.47GHz) in a DS film at room temperature with a
microwave power of 2mW. The direction of the external magnetic field is normal
to the film plane in Figure 4(a) whereas it lies in the film plane and makes an angle
of 0°, 45°, and 90° with the dipping direction in Figures 4(b)—-4(d) respectively.



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:48 19 February 2013

FUNCTIONAL LB FILMS [401}/115

2.007
(a) f

(b)

(c)

(d)

FIGURE 4 Orientation dependence of the first-derivative ESR spectra of a DS film at room tem-
perature (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°, 45° and 90° with the dipping direction of the substrate for (b)-(d),
respectively. The numbers show the g values of the fields as indicated. Dashed line shows the calculated
spectra for radical species A. Resonance fields corresponding to the principal components of the g and
the hyperfine tensors are shown at the bottom of the figure (after reference 7). .

The films were deposited on a substrate of polyethylene terephthalate of 0.1 mm
thick and the substrates were cut into pieces and they were stacked into the sample
holder. Figures 4(b)—4(d) are the first ESR measurements of in-plane anisotropy
in LB system. In-plane anisotropy is the direct evidence of the preferential ori-
entation of radical molecules. The numbers in the figure show the g values of the
field positions as indicated. These g values are close to those of w-electron radicals.

The spectra in Figure 4 in fact contain contribution of two radical species having
different spin-lattice relaxation times. This can be seen from the saturation be-
haviour of the spectra. Figure 5(a) shows the microwave power dependence of the
spectra for the external magnetic field normal to the film plane. Three curves
correspond to microwave powers and temperatures of 2mW at room temperature,
0.2mW at 77K and 2mW at 77K from the lower to higher intensity at the shoulder
of the spectra. Comparing these curves, it is clearly seen that there are two radical
species of different linewidths. The intensity due to the species of narrower line-
width (denoted as species A, hereafter) is relatively saturated at a lower temper-
ature compared with that of the species of wider linewidth (denoted as species B)
due to the longer spin-lattice relaxation times. Since the separation of the signal
of two spin species seems rather clear, the deconvolution of the ESR spectra may
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FIGURE 5 (a) Saturation behavior of the spectra for the external magnetic field normal to the film
plane. Three curves correspond to microwave powers and temperatures of 2mW at room temperature,
0.2mW at 77K and 2mW at 77K from the lower to higher intensity at the shoulder of the spectra.
(b) Deconvoluted spectra of radical species A and B. Refer to the text for the procedure. (Figures 5
to 9 are after reference 6).

be obtained by subtracting curves of different saturation with appropriate weight
factors. For example, the signal at room temperature in Figure 5(a) is deconvoluted
as in Figure 5(b).

The relative intensities of two species thus determined satisfactorily deconvolutes
the ESR spectra for other external field directions, where the separation of the
signals of two radical species is not so clear. Figure 6(a) shows a microwave power
dependence of the spectra at 77K for the external field in the film plane and
perpendicular to the dipping direction (the same direction as in Figure 4(d)). The
structures tend to be washed out as signal due to species A becomes more saturated
at higher microwave power levels. Figure 6(b) shows the deconvolution. The ob-
served structures are associated with species A, while the spectra of species B is
broad and structureless.

Although the above deconvolution procedure is only approximate, the obtained
results were further confirmed by the selective observation of the spectra of species
A by ENDOR-induced ESR measurements.® As reported in Reference 4, proton
ENDOR signal can be detected in this system. In ENDOR-induced ESR experi-
ments, the intensity of ENDOR signal at particular ENDOR frequency is measured
as a function of the external field, giving rise to the ESR spectrum of the spin
species responsible for the ENDOR response. Since ENDOR response is obtained
for partially saturated species, it is likely that the spectra of species A is resolved
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FIGURE 6 (a) Saturation behavior of the spectra at 77K for the external field in the plane and

perpendicular to the dipping direction of the substrate. Microwave powers are 0.2mW for the thick-
line curve and 2mW for the thin-line curve. (b) Deconvoluted spectra of species A and B.

by this method. The spectra of species B could not be saturated even at 77K. The
spectra of species A were actually confirmed as seen from the comparison between
the ENDOR-induced ESR spectra with the integrated form of the first-derivative
ESR spectra and the deconvoluted spectra of species A in Figures 7 and 8 for the
external field directions corresponding to those in Figures 5 and 6, respectively.
Thus the structures of the spectra in Figure 4 are ascribed to species A.

3. Identification of nitrogen hyperfine structure for radical species A

As discussed in the section I1.1, the pw orbital axis of the dye molecule may be
preferentially oriented along the direction perpendicular to the dipping direction.
Figure 4(d) shows the spectrum with the external field being parallel to this direc-
tion. By comparing this spectrum with other in-plane spectra shown in Figures 4(b)
and 4(c), it is noted that the triplet structure centered around the g value of 2.002
along the pm orbital axis is most prominent in Figure 4(d). This result is consistent
with a hyperfine splitting of w-electron radical with a nitrogen nucleus of spin I =
1, which shows a nearly uniaxial anisotropy with the largest magnitude of the
coupling along the pw orbital axis. In fact, there are two nitrogen sites in the
molecule as seen from Figure 1 and we predicted the structure to a nitrogen
hyperfine structure.*

To prove the triplet structure, measurement at another microwave frequency is
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FIGURE 7 Comparison between ENDOR-induced ESR spectrum with the integrated forms of first-
derivative spectra for the external field normal to the film plane. (a) Integrated form of the spectrum
at 77K with microwave power of 2mW in Figure 5(a). (b) Integrated form of the deconvoluted spectrum
of Species A in Figure 5(b). (c) ENDOR-induced ESR spectrum at 80K with the microwave power of

2mW. The signal was detected using proton ENDOR signal at 14.1 MHz.

(a)

(b}

~—

(c) |

1 1 1 1 1 1 1
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FIGURE 8 Similar comparison as Figure 7 for the external field in the plane and perpendicular to
the dipping direction. (a) Integrated form of the spectrum at 77K with the microwave power of 2mW
in Figure 6(a). (b) Integrated form of the deconvoluted spectrum of species A in Figure 6(b). (c) ENDOR-

induced ESR spectrum at 80K with the microwave power of 2mW.
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essential, because the hyperfine splitting should be independent of the frequency
of measurement.** Figure 9 shows the comparison of the line shape at X-band
(9.47GHz) with that at Q-band (35.0GHz) for the external field in the plane and
perpendicular to the dipping direction. The results unambiguously show that the
structure is the triplet structure centered at g = 2.002 as expected. On the other
hand, it is seen in Figure 9 that the separation between the center of the triplet
with g = g, and the lower-field peak at g = g, increases at Q-band compared with
that at X-band by the ratio of the microwave frequency (35.0/9.47). That is, the
lower field peak is associated with a different g value. The situation is consistent
with the distribution of the molecular axis in the plane, giving rise to the spectral
turning points associated with principal g tensor components. The lower-field peak
arises from the fraction of molecules with their y-axis (x- and y-axes are principal
axes) pointing the external field direction, resulting in the peak at g, = g, , since
g, > g, for m-electron radicals. The triplet splitting at g, is not resolved due to the
linewidth, since the hyperfine coupling for y-axis is considerably smaller than that
for z-axis. These observations establish that the main feature of the observed spectra
is determined by the nitrogen coupling and the anisotropy of the observed line
shape is analyzed to give the in-plane distribution of the molecular axis in the next
section.

The confirmation of the nitrogen hyperfine coupling together with the identifi-
cation of the observed nitrogen site were further obtained by our recent study of
isotope substitution.?* The solid line in Figure 10 shows the spectrum of a DS LB
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FIGURE 9 Microwave frequency dependence of the spectra in a DS film at room temperature with
the external field direction in the plane and perpendicular to the dipping direction. The upper and
lower curves were recorded at X- and Q-bands, respectively. Arrows indicate the field positions cor-
respondingto g, = g, and gl = g,.



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:48 19 February 2013

120/[406] S. KURODA, K. IKEGAMI AND M. SUGI

FIGURE 10 ESR spectrum in a DS film using a dye derivative with its *N nitrogen nucleus in
benzothiazole being 99.7%-substituted for 1*N nucleus. The external field lines in the plane and per-
pendicular to the dipping direction. Stick lines show the hyperfine structures due to '*N nucleus. Dashed
line represents the calculated ESR spectrum (after reference 24).

film using a dye molecule with N (natural abundance 99.63%) in the donor nucleus
(benzothiazole in the case of DS) being 99.7% substituted by *N. The direction
of external magnetic field is the same for that used in Figure 4(d). It is seen that
the triplet structure in Figure 4(d) is replaced by a doublet structure in Figure 10
with the splitting 40% larger than that of the triplet as indicated by the stick lines
at the bottom. This is consistent with the difference of the spin I and gyromagnetic
ratio vy of the two isotopes, I = 1 for *N and I = % for !N with the ratio of
v(*N)/y(**N) = 1.403. The above results unambiguously show that the radical
wave function is directly associated with the m-system of the dye chromophore,
since the nitrogen in benzothiazole belongs to the chromophore.

4. Analysis of in-plane orientation of radical molecules

Based on the assignment of the observed structures, the ESR spectra of species A
are calculated by the spectrum simulation method and the angular distribution
function can be obtained.>-7 The ESR spectrum of a n-electron radical, interacting
with a nuclear spin, is well described by the following spin hamiltonian.

% =pS-g-H+S-A-I (1)

g in the first term (Zeeman term) and A in the second term (hyperfine term)
represent g tensor and hyperfine tensor, respectively. We define 8 as the angle
between z-axis of the molecule and the dipping direction of the substrate as in
Figure 11(a). The purpose of the analysis is to determine the angular distribution
function of z-axis in the plane, defined as P(8). The ESR spectrum of species A
for the given direction of the external magnetic field can be calculated in the
following manner. In the first step, the resonance field of the molecule of the
direction given by 6 is calculated from equation (1). The g value and hyperfine
splitting of the given direction of the molecule, g(8) and A(8) are obtained as
follows.

g%(8) = g,°cos’0’ + g/ sin’0’; A%(8) = A,%cos’0’ + A,%in’0’ )
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FIGURE 11 (a) Definition of angles for the calculation of the ESR spectra of species A. z- and
y-axes show pw orbital axis and the chromophore axis, respectively as in Figure 1. (b) Definition of
the angle «, between the direction connecting the centers of adjacent molecules and y-axis of the
molecule. 8, denotes the average of 0.

Here ' = 0 — i is the angle between z-axis and the external field and g; or A;
(i = y,z) show principal tensor components. The molecule of 6-direction gives the
triplet signal at g = g () with the triplet splitting given by A(6). In the second
step, the spectrum is obtained by summing the contribution from all directions of
6 with weight factor given by P(8). The form of P(8) is assumed as follows.

P(8) x exp(—sin?(6 = 6,)/2sin%d). 3

Here =+, shows the most probable orientation. & shows the width of distribution.
The physical basis for the above functional form of P(6) will be given in the next
section. After calculating the spectra as functions of parameters 6, and 3, fairly
good agreement between observed and calculated structures was obtained for
8, = 60° — 65° with & = 25° — 30° as shown by dotted lines in Figures 4(b)—4(d).
The apparent discrepancy that the calculated curves have smaller amplitude than
observed curves is mainly due to the overlapping signals from the radical species
B which has the comparable intensity with species A, as mentioned above. Strictly
speaking, as will be seen in the next section, the value of 8 varies according to the
relative position in the substrate. This fact, however, does not significantly affects
the discussion of the average orientation of radicals given below.

Figure 11(b) shows schematically the in-plane orientation of radicals with 6, =
60°. This result shows an interesting correlation with the low-dimensional structure
of J-aggregate obtained by the analysis of the shift of the J-band peak position
measured from the monomeric peak position in the optical absorption spectra by
Nakahara et al.?® They calculated the shift as a function of the angle between the
y-axis of the molecule and the direction connecting the centers of adjacent mole-
cules, which is defined as a in Figure 11(b), using Kuhn’s extended dipole model.?
Their obtained angle was a = 30°. If the direction connecting centers of adjacent
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molecules of J-aggregates, or the long axis of J-aggregates in other words, is oriented
along the dipping direction by a flow orientation as in the figure, the angle between
the dipping direction and the z-axis of the molecule is given as 8, = 90° — a =
60°, which is in remarkable agreement with the angle obtained by the present
analysis. This result strongly suggests that the radicals originate from the molecules
forming J-aggregates and the origin of the in-plane orientation is the flow orien-
tation.

The above shown analysis deals with only two-dimensional degree of freedom
for orientation. More elaborate analysis, employing three-dimensional degree of
freedom using Euler angles is also possible and the results shown in Figures 4(b)-
4(d) were further confirmed.” In addition, the spectrum along the plane normal
was analyzed as shown in dotted line in Figure 4(a), which showed that a good
orientational order is present along the plane normal of the film. This is easily
understood when we consider the high organization of molecules along the plane
normal due to the layered structure of LB films.

5. Theory of flow orientation and its prediction

As discussed above, our ESR results are consistent with the structural model of
J-aggregates oriented in the film plane due to flow orientation. Recently developed
analytical model of flow orientation during LB dipping process provides the basis
for quantitative understanding of the observed in-plane angular distribution func-
tion in equation (3).'*1°

In this model, the monolayer and the substrate are approximated by a two-
dimensional ideal fluid and a line sink, respectively. Flow forces acting on the
molecular aggregates, elongated in shape, can be calculated from the velocity
gradient tensor deduced from the complex velocity potential. The stream lines and
equi-velocity potential lines obtained by this model are shown in Figure 12 by the
solid and dotted lines, respectively. The actual orientation of the aggregates is

dipping direction

FIGURE 12 Schematic representation of the transfer process by the vertical dipping method with
stream lines (solid lines) and equivelocity potential lines (dashed lines). (after reference 15).
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determined from the balance between the flow force and the disturbance due to
the rotatory Brownian motion, resulting in the Boltzmann distribution. If we define
0 as the angle between the long axis of the aggregate and the dipping direction
which is taken as y-axis in Figure 11, the angular distribution function is given as,

P(8) « exp{— ({G/kgT)sin?6}. @®

Here { is the effective rotatory friction coefficient and G corresponds to the ei-
genvalue of the velocity gradient tensor. The local stress {G is given as a sum of
two terms, assuming a Bingham fluid, considering the plasticity of the monolayer;

(G = U'(@m)(vya)l — 4x¥a?)~! + =, (5)

The first term in the right-hand side is a Newtonian term proportional to the velocity
gradient. In the first term, v4 and a show the dipping velocity and the width of
substrate, respectively, and x(—a/2 = x < a/2) denotes the position relative to the
center of substrate along the direction perpendicular to the dipping direction. ¢’
shows a Newtonian friction coefficient. The second term 7, is a Bingham yield
value, below which the fluid behaves like an elastic body. equation (4) provides
the physical basis for the observed angular distribution function in equation (3)
with the parameter representing the width of distribution, sin?3, is given by,

1/25in% = {G/kgT. (6)

An important conclusion from the above theory is that the degree of the ori-
entation is dependent on the externally controllable deposition parameters of v4
and a as vy4/a, and also on the relative position in the substrate, x/a. This effect
was actually confirmed for the in-plane optical dichroism of J-band.'® Figure 13
shows the dependence of dichroic ratio R on the velocity gradient, G = (4/m)(v4/
a)(1 — 4x?*/a?)~!. Ris defined as the ratio of optical absorbance with the polarization
parallel to the dipping direction to that with the polarization perpendicular to the
dipping direction and it can be calculated from the above theory taking the angle
a in Figure 11(b) as a parameter. Closed circles in Figure 13 show the experimental
points obtained from the different values of v4, a and x. Solid line in Figure 11
shows the best fit using the above theory with the parameter values of {' = 5.0
X 1072%kgm?s~! and 7, = 6.2 X 10~?'kgm? 2 in equation (5) and a = 33.5°.
These values of {’ and 7, are in the reasonable range for the monolayers on the
water surface and the value of a is close to the result of ESR analysis. Thus the
above theory of flow orientation during LB dipping process successfully describes
the dichroic behaviour of J-aggregates in DS LB films.

6. Locally resolved ESR in DS LB films

Since the stable radical species A is suggested to be originating from J-aggregates,
it is interesting to see whether similar dependence of the degree of orientation on
the above mentioned parameters is observed or not. From equations (5) and (6)
the higher degree of orientation is expected for the higher values of (v4/a) or toward
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FIGURE 13 Dependence of the dichroic ratio R of the J-band on the eigenvalue G of the velocity
gradient tensor. The dashed line is the best fit with ' = 5.0 x 10-*kgm?-~! and 7, = 6.2 x
10-2'kgm?s 2 in equation (5) and & = 33.5° (after reference 15).

the edge of the substrate (as x approaches to +a/2). The latter effect can be directly
studied as the dependence of ESR line shape on the relative position in the sub-
strate.?*?’ The plastic substrate can be cut into the pieces of 2mm-width according
to the relative position, yielding local ESR spectra.

Solid curve in Figure 14 shows the dependence of ESR signal on the substrate
position in a DS film prepared with a = 13mm and vy = 50mm/min. The external
field lines in the film plane and is perpendicular to the dipping direction. The values
of x at the center of 2 mm-wide substrate are Smm, 3mm and 1mm for the top,
middle and bottom curves, respectively. Dashed curve in the figure shows the
calculated ESR line shape using the local distribution function obtained from equa-
tions (3), (5) and (6). The estimated value of & for three substrate positions of x
= 1lmm, 3mm and Smm are § = 26°, 25° and 21°, respectively, using the above
obtained values of {’ and 7,, which therefore account for the local angular distri-
bution of the majority of molecules forming J-aggregates. As for the value of 6,
in equation (3), fairly good agreement between observed and calculated curves
was obtained for 6, = 58°, which is close to the previous ESR or optical estimates
mentioned above. The predicted local variation of the distribution width & rea-
sonably reproduces the observed line shape variation; the intensity of the resolved
triplet structure increases toward the edge of the substrate, which can be recognized
as the relative increase of the intensity of the shoulder marked by the arrow.

Similar results as Figure 14 were obtained for the samples prepared with different
values of v, and a. It is therefore concluded that the local orientation of radical
molecules coincides well with that of the majority of molecules forming J-aggre-
gates, which provides new evidence that the radicals have their origin in J-aggre-
gates.
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FIGURE 14 Dependence of ESR spectra on the substrate position in a DS film prepared with the
substrate width a = 13mm and the dipping velocity v, of 50 mm/min (solid curve). External field lies
in the film plane and is perpendicular to the dipping direction. The values of x in equation (5) at the
center of 2-mm wide piece, cut from the original substrate after deposition, are Smm, 3mm, and Imm
for the top, middle and bottom curves, respectively. Dashed lines show calculated curves of species A
using the value of 3 in equation (3) theoretically estimated from equations (4) and (5) for the respective
values of x. (after reference 24).

7. Discussion-

So far we described the study of molecular orientation in DS LB films utilizing the
ESR signal of stable radicals in some detail. The coincidence between optical and
ESR in-plane anisotropies strongly suggests that the generation of stable radical
species is an intrinsic phenomenon associated with J-aggregates formed in LB films.

As for the origin of the stable radicals we have proposed an intermolecular charge
transfer model. As mentioned above, ESR spectra contain the signals from two
radical species, A and B, of comparable spin concentration in the dark condition.
Their ESR intensities seem to be simultaneously enhanced under illumination and
enhanced portion decays after cutting off of illumination. These facts strongly
suggest that the observed radicals are the cation and anion radicals of dye molecule
generated by an intermolecular charge transfer in J-aggregates and stabilized in
the molecular environment of LB films. Previous ESR confirmation of the nitrogen
hyperfine coupling shows that species A is actually associated with the dye molecule.
The spin density of 0.17 on the nitrogen in benzothiazole, obtained from the
observed hyperfine splitting of species A provides a quantity to examine the model.
This value should be consistent with the molecular orbitals of dye molecule forming
J-aggregates in the charge-transferred states, if the model is correct.
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On the other hand, the nature of species B is not yet clear except for its
w-electron nature in the observed g values. More detailed study, concerning the
ESR anisotropy and the effect of isotope substitution of relevant nuclear spin sites,
would be necessary to establish that species B is also associated with the dye
molecule.

There are also other observations that should be explained. The variations of
spin concentration depending on the sample storage conditions are such phenom-
ena.>*¢ The enhancement of ESR intensities is observed after introducing oxygen
for the samples sealed under vacuum. Regardless of the pressure of ambient gas
species, spin concentration increases for the first few weeks after sample deposition
but subsequent variation depends on the storage conditions. ESR intensity increases
for samples sealed under vacuum but gradual decrease of ESR intensity is observed
for samples kept in ambient air, etc. Detailed origin of these phenomena is not
known at present.

It should be emphasized, however, that despite of the existence of unexplained
phenomena, the generation of these stable radical species is a new phenomenon
associated with J-aggregates formed as monolayer assemblies and further studies
are expected to provide deeper understanding of the nature of J-aggregates.

ll. DEVELOPMENT OF CONDUCTING COLUMNAR STRUCTURES IN LB
FILMS OF AMPHIPHILIC CHARGE TRANSFER COPLEXES AS EVIDENCED
BY ESR

1. ESR studies of conducting LB films

ESR technique is effective in characterizing LB films composed of amphiphilic
charge transfer complexes, which were introduced into LB films to construct con-
ducting monolayer systems.?® Barraud et al. reported ESR study of 1:1 complex
of N-docosylpyridinium and TCNQ, before and after iodine doping.?-*® They found
that TCNQ~ molecules in the precursor state are dimerized to give ESR signal of
thermally excited triplet state and the orientation of the dimers was discussed from
the analysis of anisotropic spectral line shape. After iodine doping, ESR spectra
significantly changed, though no detailed interpretation of the results was reported.
Later were developed conducting LB films composed of amphiphilic charge transfer
complexes without doping by Kawabata and coworkers3!-32-** and ESR investigation
were performed on these systems.8-103435 From the temperature dependence of
ESR spin susceptibility and other features, microscopic evidence was obtained for
the development of conducting columnar structures of constituent molecules in a
few examples. In the following, two cases of N-docosylpyridinium-(TCNQ), LB
films®°® and (TMTTF),-(tetradecylTCNQ), LB films!®35 are shown.

2. Random-Exchange Helsenberg Anitiferromagnetic Chains in LB films of
N-docosylpyridinium-(TCNQ),

The chemical structure of constituent molecules is shown in Figure 15. TCNQ’s
are in the mixed valence state, with one unpaired electron per two TCNQ mole-
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FIGURE 15 Chemical structure of N-docosylpyridinium-(TCNQ),.
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cules. The conductivity of about 0.01S cm~! was obtained at room temperature,!
which suggests the development of columnar structure of TCNQ molecules. This
was confirmed to be the case from the temperature dependence of spin susceptibility
and its comparison with that of the powders of the same complex.

Figure 16 shows temperature dependence of the normalized spin susceptibility
X/x. where x. = NgZug?S(S + 1)/3kgT shows the Curie susceptibility with N being
the total number of (TCNQ); . This quantity represents the effective number of
spins at any temperature. The results show a clear crossover behaviour from one-
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FIGURE 16 Temperature dependence of the normalized spin susceptibility of an LB film (®) and
powder (0) of N-docosylpyridinium-(TCNQ),. (after reference 8 with the data of the LB film corrected
as discussed in reference 9). The solid line of the higher-temperature side is the theoretical curve for
the regular antiferromagnetic chain with J = 700K. The dotted line of the higher temperature side is
the theoretical curve for the alternating chain with J, = 600K and J,/J, = 0.4. The solid and the dotted
lines of the lower-temperature side refer to the power laws of x o T~! and x « T-°7, respectively.
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dimensional anitiferromagnetic-chain character at higher temperature to the power
law at lower temperature. This behaviour is well described by the theory of Ran-
dom-Exchange Heisenberg Anitiferromagnetic Chains (REHAC) developed by
Soos and Bondeson. Given X,J being the magnitude of the random exchange
between nth and (n + 1)th spins on the linear magnetic chain, where X, (0 = X,
= 1) are random variables representing the disorder, they showed that the nor-
malized bimodal distribution

f(X) = ed(e-X) + (1 — )3(1 — X). )

is the simplest choice for reproducing such crossover behaviour of the spin sus-
ceptibility in disordered linear chain antiferromagnet. Here ¢ and (1-c) are the
concentrations of weak exchange eJ and strong exchange J along the chain, re-
spectively. For higher temperature range of kpT > €J, the magnetic chains are
decoupled into segments due to weak exchange (eJ) linkages. The susceptibility is
well approximated by that of a linear chain antiferromagnet, xg. As the temperature
is lowered, even- and odd-length segments are frozen into their ground states,
singlet and doublet, respectively. A crossover takes place around the temperature
given below,

xs(T)/x. = ¢/(2 — ©). ®)

where ¢/(2 — c¢) is the probability for odd segments. Below this temperature the
susceptibility obeys a T™*(0 = a = 1) law. It should be noted that the above
situation cannot arise in two- or three-dimensional magnets, where the effect of
the disorder on the spin correlation is much less significant than in the one-di-
mensional case.

Observed behavior of x/x. at low temperatures in Figure 16 for powder (open
circle) and LB films (filled circle) give o = 0.7 and ¢ = 0.02 for powder and 0.9
< a < 1.0 and ¢ = 0.07 for LB films. Higher values of a and ¢ shows the higher
degree of disorder in LB films. From the higher temperature susceptibility, linear
chain in the powder is approximated by an alternating exchange of J; = 600K and
J,/J; = 0.4 while a uniform exchange of J = 700K was suggested for LB films.
This suggests the tighter stacking of molecules in the flexible structure of LB films.

The significance of the present study is that it first microscopically confirmed the
development of one-dimensional stacks of TCNQ molecules in conducting LB films
of charge transfer complexes and it provided the first quantitative estimation of
the concentration of defects, which are presumably associated with misorientations
of molecules.

3. Possible occurrence of Pelerls instability In LB films of
(TMTTF),(tetradecylTCNQ),

The chemical structure of the molecules is shown in Figure 17. This system showed
a considerably high conductivity of about 1S cm~! at room temperature.>® ESR
studies in this system revealed a characteristic anomaly in the temperature de-
pendence of the signal. Figure 18(a) shows a temperature dependence of the spin
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FIGURE 17 Chemical structure of (TMTTF),(C,,TCNQ),.
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FIGURE 18 (a) Temperature dependence of spin susceptibility in an LB film of (TMTTF);(C,,TCNQ),.
Dotted line refers to a Curie-like (1/T) law. (b) Temperature dependence of peak to peak line width
(®) and full width at half maximum of the integrated signal (0).

susceptibility normalized by the value at 300K. The temperature dependence of
the linewidth is shown in Figure 18(b). Figure 19 shows an example of the tem-
perature dependence of ESR line shape with the external field normal to the film
plane. It is seen that the linewidth shows an anomalous broadening around 130K.
Corresponding to its anomaly around 130K is observed a decrease of the spin
susceptibility. g value was also found to show anomalous maximum around the
same temperature range. These anomalies of the spin susceptibility, linewidth and
g value are analogous to those observed in the TTF-TCNQ crystal around its Peierls
transition.



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:48 19 February 2013

130/[416] S. KURODA, K. IKEGAMI AND M. SUGI

300K J\

200K

150K

130K
100K
4K J\
o Vo

FIGURE 19 ESR signals observed for an LB film of (TMTTF),(C,,TCNQ), at various temperatures
with the external magnetic field normal to the film plane.

In the crystalline system the decrease of susceptibility and the increase of g value
can be understood by the rapid decrease of the contribution from TCNQ stacks
due to CDW formation. Line broadening may reflect critical fluctuation around
the transition temperature. Unlike the crystalline system, the present LB film
system exhibits a much higher concentration of structural defects as seen from the
Curie-like susceptibility dominating at lower temperatures. Thus a distinct phase
transition may not be occurring because of this large concentration of disorders.
Nevertheless the above observation suggests the occurrence of Peierls fluctuation,
characteristic of one-dimensional conductor. If this is true, the present observation
indicates microscopically the formation of organic metal systems in LB films.

At present, other direct evidence supporting the above interpretation is not yet
obtained either from structural studies or conductivity studies. Recently the above
anomaly was found to be reversibly affected by the pressure of the atmosphere
under which the LB films are sealed.>* Anomaly appears at 1 atm but it becomes
less distinct as the pressure is lowered. This phenomenon may be related to the
flexible layered structure of LB films, affected by the pressure. Structural evidence
for such flexibility may be obtained in future studies.

4. Discussion

Above shown ESR studies provided first microscopic measurements, supporting
the formation of columnar structures of constituent molecules in conducting LB
films composed of amphiphilic charge transfer complexes. Recently, first macro-
scopically metallic LB film system was developed employing alkyl ammonium and
Au(dmit), complex.3¢ A high conductivity was found to be retained down to 10K.
Although ESR signal of conduction electrons could not be detected, presumably



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:48 19 February 2013

FUNCTIONAL LB FILMS [417)/131

due to shorter relaxation times due to large spin-orbit coupling arising from heavy
metal atom (Au) in the complex, low temperature Curie spins was certainly smaller
than those of previous conducting LB films, reflecting the lower disorder and/or
the higher dimensionality of this system.?” This is consistent with the higher con-
ductivity of Au(dmit), system.

IV. CONCLUDING REMARKS

As we have discussed in the above two examples of dye LB films and conducting
LB films, ESR and ENDOR spectroscopies provide unique structural information
as well as the informations concerning electronic or magnetic states. In the isolated
spins like dilute organic radicals, g value and hyperfine interaction is a rich source
of information. In the case of merocyanine LB films, the anisotropy of g value and
hyperfine coupling played an essential role in revealing the detailed angular dis-
tribution. In the concentrated spin system, temperature dependence of ESR signal,
in particular the spin susceptibility provide important informations about electronic
and magnetic phases and their transitions.

Although the discussions were not made here, the anisotropy of g value and
linewidth provide important information about the molecular orientation also in
concentrated spin cases. Such analyses are now in progress, for example, for pyr-
idinium(TCNQ), LB films.

All of the examples discussed in the present paper utilize conventional cw ESR
detection. Alternative detection schemes are pulsed ESR and optically detected
ESR, which may be also useful for LB films. The unpaired electrons in organic
molecular aggregates involve important physics such as dark and photo-induced
charge transfer, mixed valence, magnetism, structural defects, as discussed here,
and also local structural transformation like soliton in polyacetylene,*® of which
wavefunction was confirmed by ESR and ENDOR spectroscopies.**-*° Considering
these points, there may be more cases where ESR and ENDOR spectroscopies
will play an essential role in the understanding of functional LB films.
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