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| nvestigations of the nonhomogeneitiesin organic
molecular crystalline materials using Kubeka-Munk
theory
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Romania

This paper presents a study of the nonhomogeneities in doped meta-dinitrobenzene (m-DNB) crystalline films. These
growth defects lying in the fim plane with dimensions smaller than the films thickness are correlated with the effect of the
dopant on the crystallization regime in the dendritic growth conditions. To evaluate the dimension of the growth
nonhomogeneities we have used a model based on the Kubelka-Munk theory, emphasising the general constraints
imposed to the sample and the experimental set-up, and developing a more complex model through a step-by-step
relaxation of these constraints, that ensures a better approximation for our experimental configuration. We have deduced
higher scattering coefficients in m-DNB doped with 1,3 dihydroxybenzene (resorcinol) than in m-DNB doped with
8-hydroxyquinoline (oxine) films prepared by a rapid thermal solidification process. We also have emphasised that for the
films of m-DNB doped with oxine the size of the scattering centers is larger than the wavelength of the radiation and in films
of m-DNB doped with resorcinol the radiation scattering corresponds to a multiple scattering process leading to the

superposition of different scattering mechanisms on centers with different dimensions.
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1. Introduction

In the field of functional materials, organic crystas
are important because of the wide variety of organic
molecular structures obtained by molecular engineering
and of the possibility to develop one or more specific
properties for the crystdline materia by crysta
engineering. The interest for organic molecular crystalline
materials derives from the numerous potential optical
[1-3], electronic [4-7], and eectro-opticad [8-11]
applications. The performances of the organic devices
depend of the material quality determined by defects.

The investigation of the growth process of the
crystalline organic material isimportant because thereis a
strong relation between the crystal growth process, defined
by different experimental conditions, that induces defects,
as compositional nonhomogeneities, determining the
crystalline quality and the physical properties of these
materials.

The behaviour of a material from the point of view of
the optica properties is strongly influenced by the
rediation absorption and scattering phenomena determined
by the crystalline material quality as quantified by a good
uniformity a the microscopic leve in terms of
composition and/or structure. Crystalline imperfections,
structura defects, compositional inhomogeneities works as
scattering and absorption centers, which affect the
properties of the material.

Diffuse Reflectance Spectroscopy is a method for the
investigation of the quality of the sample, but a specia
atention must be paid to the theoretica limitations
imposed to the system under investigation to obtain a
correct quaitative and quantitative interpretation of the

experimental data [12, 13]. This method can offer
information on the absorption properties of bulk and thin
films samples [14] and &so on the radiation multiple
scattering process in strongly absorbing systems.

This paper presents an UV-VIS Reflectance
Spectroscopy study of the non-homogeneity micro-defects
in thin film samples of M-DNB doped with oxine and
resorcinol, whose generation is governed by the dopants
and the experimentd parameters defining the
crystallization regime.

2. Experimental

The samples for investigation were obtained by
growing 20 pm organic films between two glass plates by
a rapid thermal solidification process [15]. The thickness
of the films has been estimated from geometrica
considerations. The crystalline pieces from bulk doped
m-DNB crystals (Tmeing=89.9 °C) were firstly melted
directly between two glass substrates and then rapidly
frozen ensuring a high temperature gradient, AT>50 °C, to
counteract the supercooling, which characterizes the
organic compounds with large molecules. The films
exhibit dendritic structure. Details about the purification
and the bulk crystal growth process of pure m-DNB,
m-DNB doped with 1 wt % oxine and m-DNB doped with
10 wt % resorcinol have been presented in previous papers
[16-18].

These glas¥doped m-DNB /glass structures have been
studied by UV-VIS Transmisson and Reflectance
Spectroscopy using the standard transmission and diffuse
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reflectance sets-up of UV-VIS Spectrophotometer Specord
M42. A special 45/0° configuration was used for direct
illumination and detection, respectively. The samples were
fixed in the measurement position with a specia system
offering an ideal black non-reflecting background to
eliminate the parameter characterizing the reflectance of
the background [19]. We have used a BaSO, platelet as
comparison white standard, but, because its absolute
reflectance varies in time, we have utilized a surface-
treated “milky-glass’ sample as reference to calibrate the
apparatus and ensure the reproducibility of the
measurements.

The reflectance property in these experimentd
conditions has been used to cd culate the diffuse reflectance
for afinite thickness sample of m-DNB doped with oxine or
resorcinol and the Kubdka-Munk (K-M) function [14, 20].
By applying the Kubelka-Munk theory to the experimenta
transmission and reflectance data we have computed two
materid constants. the scatering coefficient and the
absorption coefficient in reflection. There was evaluated the
raiio between the absorption coefficient in reflection,
respectively transmisson, which provided information on
the homogeneity of the materid.

3. Model

To evauate the dimensons of the growth
(compositiona and structural) nonhomogeneities in doped
m-DNB film we have proposed a model based on the
(K-M) theory taking into account two aspects:

1. the conditions in which the theory can be applied
(the limitations of the model);

2. the subsegquent deveopments of the model using
successive levels of approximation relaxing the initial
limitations and approaching the proposed theoretical
system to the real investigated one.

In the Kubelka-Munk theory the sample is diffused
irradiated and the backscattered radiation is presumed with
an isotropic distribution being ignored any regular
reflection. We can consider a single scattering process
because the radiation is scattered on randomly distributed
particles that are much smaller than the thickness of the
sample. In the presence of the nonhomogeneities a
reflection aso occurs a the boundaries (as in
polycrystalline material) and in this case the distribution is
not isotropic, but it can be considered isotropic only for a
big number of scattering particles (nonhomogeneities) and
thick samples. As a consequence, for smdl scatering
centers (particles, nonhomogeneities) in dense packed
systems (similar to our samples) we can presume that the
scattered radiation has an isotropic distribution as for a
single scattering mechanism.

We have studied the transmittance and diffuse
reflectance for nonhomogeneous, absorbant m-DNB doped
with oxine or resorcinal layers, which present diffuse
scattering (K=K(x) and S=S(x)) for adirected illumination
[21-23]. The purpose of this paper is to draw the
dependence of the scattering coefficient of our organic
film that is a characteristic of the materia resulting from
the preparation conditions, as a function of the

wavenumber in different hypotheses that approximate our
experimental systems. The proposed successive
approximations suggest a model that better fits the
experimental configuration.

In the approximation “ zero”, doped m-DNB wafer and
the measuring configuration are subjected to the following
hypotheses: 1.the sample is investigated in 45/Q°
configuration (directed incident illumination at an angle
of 45° with the surface normal and detection of the
diffused reemitted radiation in the surface normd
direction; transmittance is measured perpendicularly to the
surface); 2. surface reflection is neglected; 3. the reflected
rediation is presumed to be isotropic; 4. single scattering
process; 5. the interferences in reflected light inside the
thin film are negl ected.

In the next step, the first order correction, the above
model is complicated applying the following corrections
that remove some simplifying hypotheses of the
approximation “zero”: 1. the top and back surface
reflection contributions (r;) are taken into account; 2. the
layer is of finite thickness; 3.the upper order effects (as
the reflection at the internal boundaries) are negligible
(I’ZZO).

Our experimental configuration can be approxi mated
by a more general system of eguations (Ryde-Cooper-
Duntley model) for directed illumination and detection
with an idea black non-reflecting background [21-23],
whose solution in particular conditions, as diffuse
irradiation, can be converted to the Kubelka-Munk

solution:
— (1_ rl) [ (1_ r;2) [T32,1
(1 - t;2 R32,l;0)2 - t;221-3.22,1

1)
r=r+ (1_ rl) [ﬂl— rz) ['RBZ,I;O [(1_ P RSZ,I;O) + r2-|—322,1

(1_ r R32.LO)2 - r22T322,1

where I;= reflectance of the glass surfaces for an

incidence angle a=45° [ =regulate reflection for an
incident parallel radiation perpendicular to the surface and
I', = reflection at the internal boundaries and on the back
surface of the sample are caculated values (as presented
bellow), and T and ro are the transmittance and diffuse
reflectance values measured experimentally. Solving this
system we have obtained the transmittance (Ts21) and
diffuse reflectance with an ideal black non-reflecting
background (Rsz10) for our samples (glass/organic
film/glass structures).

In our experimental conditions, for an incidence
illumination angle a=45° and B determined from the
refraction law, the regular reflectance of the naturd
radiation (r.;) a the top surface of the structure, interface
1 (Fig. 1), given by the formula

_1[fsin*(a-p), tg’(a-p)
R + = (23 (@

* 2]sn’la+p) tgfla+p)
has the value r1,=5.3 %, and the evauated total reflection
coefficient [19] at the back (glass/air) surface is r1=61 %.
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The regulate reflections for perpendicular illumination for
each of the glass surface characterised by n=1.52, has been

evaluated to f1.9 =4.25 % using the relation:

ru:[”‘lj ®
' n+1

Because ;=66.3 % and f; = 8.5%it is obvious we

cannot neglect the effect of the first order correction
introduced by the surface reflection.

In the first order correction (r,) is neglected and the
velues of the diffuse reflectance and transmittance
coefficient (resulted from Egs. (1)) for the investigated
structure are;

lh—h
n = 4
Raso =70 (4
and
T
T32,1 = 1- r.l 6)

where reflectance (r) has been messured for direct
illumination at 45°, transmission (T) has been measured for

direct perpendicular illumination of the ssmple, and r; and I}

are the values cdl cul ated above,

The next development of the model, second order
correction, was to introduce the “internd scattering” for
direct illumination at an angle of 45°, because the radiation
is scattered at the interfaces between the layers. Within the
sample the radiation can be theoretically partially totaly
reflected emerging from the more dense medium m-DNB
(n=1.625) or glass (n=1.52) to the less dense medium glass
(n=1.52) respectively air (n=1). At the m-DNB-glass
interface, the condition associated with the critical-angleis
not satisfied, so the radiation is not totally reflected. The
sum of the directed or diffuse regular reflection at each
interface (air-glass, glasssm-DNB, m-DNB-glass, glass-
air) has at direct 45° illumination atota value r,=2 % and
cannot be neglected in Egs. (1). The regular component of
the reflection a direct illumination for interface
2 (glassYm-DNB) was calculated with Eqg. (2) for the
angles B and y' (Fig. 1) and a diffuse illumination for

interface 3 (m-DNB/glass) for the angles y and & (Fig. 1)
with the Eq. (6) and Eq. (7):

critical—angle

Reegqary =20 Isin(y)@:os(y)Ef(n,y,é)dy (6)
0
where
1 [sin*(y-9) , tg*(y-9)
fin,y,0)== 7
R e e [
nglasss- nB:norg films-n V' ’ norg.filmSi ny:nglassSi n& B and Y, and

y' and &, are the incidence angles and respectively the

refraction angles a the glass/organic film, organic
film/glass interfaces and the refraction indices of the
materials are Ngiass=1.52, Norgim=1.625, Ng=1.

For perpendicular illumination the interna reflection
composed only by the regular reflectance at direct
illumination for the glassorganic film, organic film/glass

can be eval uated with the Eq. (3) at I', =0.22 % and can be
neglected in Egs. (1).

To evduate the transmittance (T) and reflectance (R)
for a system formed from three homogeneous layers glass
(3)/organic film (2)/glass (1) having an ideal black non-
reflecting background, we have firstly studied the structure
glass (3)/organic film (2), characterized by

T, = LT
*T1-R R,
and
7 R,
2 = — (8)
R

and the result has been combined with the values T, and
R; for the glass layer (1):

Ty = Te
" 1I-Ry R
T2 R
01 = Ry + 2 ©)
et r R

where the layers “1” and “3" are identica and
homogeneous glasses.

In the first step we have considered the particular
structure glass/air/glass considering al the layers
homogeneous. Because T,=Ta=1 and R;=Rx=0, where T
and R, are the characteristics of the ar, we have obtained

TS R, ¢
T, =—2— ad =R. +—<—¢& (10)

3A1 —Ré RSA,l RG 1—Ré
where Tz and Rsaz ae measures determined

experimentally, and
RG - RSA,l and
1+T3A,1

RS 2
T, = [Ty, |1- Al (11).

G 3A1 (14_ T3A’1 j

In the second step we have investigated the system
glass/nonhomogeneous organic film/glass, using a similar
procedure, and we have evauated the vaues Ts
(transmittance of the organic film) and Rg, (coefficient of
diffuse reemission of the organic film with an ideal black
non-reflecting background) knowing Tg and Rg and
considering no difference in transmittance and reflectance
coefficients depending of the illumination direction:

R = (78 R, 18, (R +TE Ry ~TE R
° (_T322,1 ERi +T322,1 ER‘; _T322,1 DRé D—Gz +T<32 Ry 10 (Rs _TGZ ERi +T<;)

(12)

T.=-T2[T. (_l+ Rzz‘l‘o I:RG)
st 32‘1D(—T2 RZ+T2, RE -T2, R T2 +TE Ry, Ry -~ TE R +T¢)
2,1 G 2,1 G 21 G G 1,0 'G G G
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where Ts and Ry were determined from the corrected
values T3, and Rs1.0 Of the experimental data t and ro,
for the transmission and reflection of the glass/organic
film/glass structures and the computed values of the same
parameters for glass, T¢ and Rg using experi mental values
for the transmission and reflection of the glassair/glass
structure.

From the expression of transmittance as a function of
the organic film of finite thickness (d) and reflectance of a
sample of infinite thickness from the same materia Rs..:

Soo

we have deduced in a ssimplified way the scatering power
(Sd) from the experimental data. To avoid the graphical
evaluation of the Kubelka-Munk equations we have used
the hyperbolic functions and alogarithmic expression

&j_(j[ﬂ 1- a[RSO+b|:RSO (14)
20)  1-alR,-b[R,

S

where Te=transmittance and Ry, =diffuse reflectance of
the organic layer of finite thickness, d, with an ideal black
non-reflecting background and are determined with
equation (12) from experimenta data.

4. Results

In our experimenta conditions the values determined
from optical measurements are transmittance coefficient
(Tg) and diffuse reflectance coefficient (Rsy) for the
organic layer and, a and b are defined from the Kubelka-
Munk theory as:

A )
2R, e
b=+a®-1 [19] (15)

The experimental data were used to estimate Rg,

(the diffuse reflectance of an layer of infinite thickness
from the same materia) and the Kubelka-Munk function,

F(Rs.)= w which are tabulated as a function of

the wavdength [19] and are necessary to eveluate the
absorption coefficient in reflection K, = F(R,)(5.

In the s mplifying conditions mentioned above we can
apply the Kubelka-Munk theory to calculated a and b. S-d,
roand T are determined experimentally and ry rp I, and T,
are calculated as presented above.

In agreement with the Rayleigh theory for single
scattering process on small particles characterised by
(UA%) with a=4 dependence between the scattering
coefficient and the wavenumber, it is expected a
dependence of the scattering coefficient of the third power
of the particle dimension (S~d).

In our case S=(1/A%) where a<4 is the dope of the
curve and offers a qualitative measure of the scattering
process, being correlated with the dimension of the
particles. When the particle dimension decreases the
power coefficient isincreasing but it will never attend the
value a=4 corresponding to a single scattering process on
small particles for which the Rayleigh law can be used.
When dope of the curve (a) is decreasing a<<4 the
scattering process can be associated with an increased
dimension of the particles. For each sample the measured
reflectance has been divided with the reference
reflectance. The logarithmic plot of the reference sample
reflectance  (BaSO4/"milky”  sample) versus the
wavenumber shows four regions with different dopes to
characterize the scattering mechanism in BaSO, compared
to the “milky” sample (Fig. 2).

ar \Q 1

glass A !
B\ 2
organic film
glass
air
Fig. 1. Experimental configuration.
08~ y=-20.66+4.81 x
BaSO,/ milky sample \
06} (experimental)
= 0.4
= T y=-3.96+0.977 X
x
5 ozl y=-10.85+2.58 x
o
001 "I 580+1.42 x
4.1 4.2 4.3 4.4 45
log (1/A), [X]

Fig. 2. Logarithmic dependence of the reference
reflectance (Ba,S0, standard compared with ,, milky”
sample) of the wave number.

For each sample (thin organic film) and each spectral
range, the refl ectance deduced from experimenta data has
been divided to the reference reflectance and we have
obtained for the power coefficient describing the scattering
mechanism using the Rayleigh formula the expression:

Oop =0g — 0y, that compares the slopes of the
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sample and reference curves. The dependence
log(S)=f(wavenumber) is presented for m-DNB doped
with oxine (Fig. 3) and m-DNB doped with resorcinal
(Fig. 4).

The scattering coefficients values were greater for
m-DNB doped with resorcinol (200 cm®) compared to
m-DNB doped with oxine (~100 cm™).

ss: m-DNB + oxine

230}
S 225+ y:4_23-0.47X
~ 220+
g o
s 9
_ o/
215 y=2.45-0.055 x L bgo
4i1 41.2 4i3 4i4 45
log (1/A), [X]

Fig. 3. Logarithmic plots of the scattering coefficients (S

as a function of the wave number in the approximation of

a m-DNB doped with 1 % oxine film with finite thickness
(20 ) and r correction.

ss. m-DNB + resorcinol

1.9

y=0.947+0.22x %%

1941 y=9.41-1.70 x

190+ >
y=4.41-0.60 x

» Ylog ('S)

1.88

o,

186}

1 1

41 42 23 44 45
log (1/A), [X]

Fig. 4. Logarithmic plots of the scattering coefficients (S

as a function of the wave number in the approximation of

a mDNB doped with 10 % resorcinol filmwith finite
thickness (20 pm) and r, correction.

For m-DNB doped with oxine we have obtained for o
velues situated between 0 and 1 sustaining a scattering
process on nonhomogeneities with higher dimension than
the wavelength and for m-DNB doped with resorcinal the
velues for os suggesting the presence of different
scattering centers leading to the superposition of many
scattering mechanisms (Table 1).

Table 1. Scattering mechanismsin films of mDNB doped with
oxine respectively resorcinol.

Sample Spectral| Slope |Spectral| Slope | Nonhomogeneities
range A range A sizes(nm)
(nm) (nm)

m-DNB+oxine |470-500{0<0<1 [670-800 [0<a:<1 [>A

m-DNB-+resorcind |300-470|2<0.<4 [600-800 |0<as<1 |multi ple scattering
centers

We have also calculated the ratio, r, between the
absorption coefficient in reflection (Kg) and transmission
(Ky), which offers information about the homogeneity of
the material. Kt and Kg are proportiona but not identical.
This ratio has a theoreticdl value of 2 [19] for a
homogeneous medium, because the absorption and
scattering coefficients are not function of the position and
the radiation distribution isisotropic. For r<2 it is suppose
that the material is more dense in transmission than in
reflection absorbing more in transmisson than in
reflection. For r>2 the radiation distribution become non
isotropic because of the modifications in the real path of
the wave determined by structural (crystalites boundaries)
or compositional nonhomogeneities (zone with high values
for the absorption coefficient is alternating with zoneswith
low values).

For al the samples the scattering power (S-d) have a
linear dependence of (Rsy) the reflectance of the same
sample measured with an ideal black non-reflecting
background (Fig. 5, 6), as was previoudy anticipated for
non-absorbing materials [19]. This concdusion is in
concordance with our results, r<<1, the investigated
samples having a greater absorption coefficient in
transmission (is less densdy packed in reflection than in
transmission).

0.38 o

036} &

034} o
prd

032} A

Sd

0.30 -

oml s @/ﬂ

0.26

0.24 0.26 0.28 0.30 0.32
R

Fig. 5. The dependence of the scattering power (Sd) of

Ry, (diffuse reflectance of the sample with an ideal black

non-reflecting background) for 20 gm film of m-DNB

doped with oxine between two plan parallel substrates of
glass.
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0.8}
017}
& 016}
0.15}
0.14 x x : ;
0.14 0.15 0.16 017
R

Fig. 6. The dependence of the scattering power (Sd) of

Ry (diffuse reflectance of the sample with an ideal black

non-reflecting  background for 20um  film  of

m-DNB doped with resorcinol between two plan paralle
substrates of glass.

The investigated material has a structure characterised
by the presence of nonhomogeneities in the film plane
with dimensions much lower than the film thickness
(20pm), and these defects are generated by the
preparation conditions. Only in the case of a high number
of particles or nonhomogeneities and thick samples
(>10 pm), the scattered radiation inside the sample can
have an isotropic distribution and the Kubeka-Munk
theory can be applied.

5. Conclusions

This paper present a devel opment of the model based
on the Kubelka-Munk two constant theory, considering
some higher order corrections as the surface reflection and
the reflection a the internal interfaces of the structure to
calculate the scattering power of some glass doped m-
DNB/glass samples. The viability and limitations of the
model have been experimentally tested through the
evaluation of the homogeneity of the organic films.

Only for high number of scattering centers and thick
samples an isotropic distribution of the scattered radiation
can be achieved and the Kubeka-Munk theory can be
applied for the evauation of the dimension of the
nonhomogeneities. The scattering coefficient is higher in
m-DNB doped with resorcinol (S=200 cm™) compared to
m-DNB doped with oxine (S~100 cm) and the values
obtained for the dope of the log(S)=f(L/A) curve are
suggesting in m-DNB doped with resorcinol the
superposition of different mechanism for scattering
(O<as<1 and 2<ag<4), correlated with the generation,
during the preparation of the film, of different scattering
centers as aresult of an non-rigorous contral of the rapid
solidification process.
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