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“The results of a spectroscopic study of super-cooled melts and crystalline layers of charge-transfer auto-
complexes are reported. Samples obtained by sublimation in vacuo or by melting of the complex between

transparent ‘plates undergo a ‘liquid-solid” phase transition.

Amorphous films produce absorption bands

identical with those obtained from solutions, whereas crystalline layers are colored depending on intermolecu-

Jar CT interaction.
obtained.

Vacuums-sublimed solid thin films are widely used
for studying optical and electrophysical properties of
organic campounds. Difficulties encountered in such
studies are connected with the fact that the state of
organic matter changes with time. Polychromism
and polymorphism in denor-acceptor compounds (also
in monomolecular ones) have been reported in a num-
ber of cases.!-) Only few of these have, however,
been ahalysed from a structural point of view.3:6:7:10)
Another difficulty arises in connection with the fact
that thm-layer samples are liable not only to polymor-
phlc transitions of the “crystal- crystal” type, but also
to “‘supercooled amorphous phase - crysial” transi-
tions. Melting has been also found to produce con-
siderable changes in the optical properties of certain
donor-acceptor compounds.12:1%)

Polychromic changes of 2,4-dinitro-4'-diethylaminodi-
phenylamine and 2,4,6-trinitro-4’-diethylaminodiphen-
ylamine have been reported previously.?» The pres-
ent work deals with a spectroscopic study of phase
states, as well as of charge-transfer phenomena of mo-
lecular donor-acceptor autocomplexes (AC), particularly
in thin-layer condensed films. Molecular autocom-
plexes of the naphthoquinone and nitroaryl series
LILIII have been investigated.

O

AR,
|\O/l\/\CH -N- <O> R,

I

a) R,=Ci; Ry==C,H;; P,;=DBr.

b) R,;=Cl; R,=C,H;; R;=H.

c¢) R;=Cl; R,==CH,;; R;=CH,.

d) R,=CH,;; R,=CH,; R,=0CH,.
e) R;=CH;; R,=CH;; R;=CH,.

In some cases transparént crystalline films with pronounced optical anisotropy were

Thin layers of these compounds were obtained by
sublimation or melting in vacuo.® In this procedure
the majority of compounds condense on the base in an
unstable form, deposited as an amorphous, usually
sticky, transparent and homogeneous film. Mechan-
ical interference or standing leads to transition of the
layers in to a final, stable form. Both forms have
been examined by means of electron diffraction pattern.

Amcrphous layers have been recently obtained
even for naphthacene,'® whereas production of so-
called specular non-crystalline dye layers from solu-
tion is well known. In our case the amorphous
layers obtained may be considered as unstable super-
cooled melts. The optical density and hence the
extinction coefficient of such layers can be calculated
within a certain error, accounting for a l.1-fold
expansion of most cyclic organic compounds on
melting (Ref. 17 as well as calculations based on
available data on specific volume changes of many
substances on melting).

Amorphous films of complexes I and II crystallize
after a certain time. A change of color of the film
can be observed with phase transition and formation
of fissures. Free parts of the base appearing between
crystallites can be observed by means of a microscope.
This necessitates in some cases great care in securing
conditions for minimum light scattering in the final
crystalline layer (¢f. Experimental).

Let us first consider visible absorption in naph-
thoquinone AC. Figure la and Table 1, as well as
the shape of experimental curves!® show close simi-
larity between the absorption curves of solutions and
those of amorphous layers of the substances. It can
be inferred that the long wavelength band of amor-
phous films is most likely due to intermolecular
n-n* or n-z* (in the case of II) charge transfer, as is in
the case for liquid!®19 or solid?® solutions of these
compounds. There is, however, a general increase
in intensity ever the whole visible spectrum in the
case of non-crystalline layers.

This is apparently due to the fact that in sublimed
layers the molecules are free from a solvent shell and
thus may possess a somewhat different donor or ac-
ceptor ability of their molecular fragments, as well
as different conditions of intermolecular orbital overlap.

The spectra of crystalline naphthoquinone auto-
complex films show further increase in visible absorp-
tion (Figs. 2—3 and Table 1). X-Ray data on
complex Ic?) and on the prototype of autocomplexes
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Absorption of naphthoquinone-type AC Ia and some model compounds.

A, curves: a—Ia in benzene, b—sublimed amorphous film.
B, C—accordingly 2-methyl-1,4-naphthoquinone and 2-chloro-1,4-naphthoquinone,
a—in benzene, b—crystalline layer from a melt.

TaABLE 1. OPTICAL CHARACTERISTICS OF THE SOLUTIONS
AND SUBLIMATED LAYERS OF AUTOCOMPLEXES

. Amorphous Crystalline
Compound Solution layer layer
m—P e —t e P
Ymax € Ymax 3 Ymax &
Ia 17.3 490 17.5 =1050% of Fig. 3B
Ib 16.7 410 17.0 =680 16.0 =1160
Ic 16.7 410 16.8 =890 18.7 =4000
Id 18.4 185 19.0 =600 19.0 =850
~23.5 150 23.0 =600
Ie 18.5 225 19.0 =550 17.8 =810
~23.5 170 23 ~530
11 18.8 1700 18.3 =~1850 17.8 =3650
IITa =271 1250 24.0 =2800
IITb 20.6 1490 19.8 =6060™ 19.3 =~7070®

Vmax in cm~1X 10-3; ¢—molar extinction coefficient. i—
inflexion. Bands with v, 27 X 10% cm™1 are cited only.
a) Supercooled melt between two glass plates. b)
Sublimed films with a different degrec of crystallinity.

Id, e?? show a packing of molecular donor and ac-
ceptor fragments in infinite stacks of type DADADA...,
as is usual for binary CTC. This leads to the con-

clusion that the observed changes in absorption with
phase transition of the autocomplexes is due to the
appearance of an additional band of intermolecular
charge transfer (ICT). A phase transition alone
could not have produced such considerable changes
in visible absorption. This is seen clearly from a
comparison of UV spectra obtained from solutions
and from solid layers of 2-chloro- and 2-methyl-1,4-
naphthoquinones which correspond to the acceptor
fragments of autocomplexes Ia—e (Fig. 3B, C). Some
possible differences in simple van der Waals inter-
molecular interactions in amorphous and crystalline
states should not be neglected, but these would be
considerably small.

The position of the ICT band of the crystal can be
determined from differential spectra and depends
only very little on absorption background (Figs. 2 and
3A). The intensity of the ITC band peak which char-
acterizes electronic transitions in the crystal can only
be approximately estimated, owing to different light
scattering in the crystalline and the corresponding
amorphous film. Each sample may also contain, in
addition to its basic phase, inclusion of the other phase.
Thus the accuracy of intensity measurements is cs-
timated to be within #59%,. Intermolecular charge
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Fig. 2. Absorption of crystalline and amorphous films of naphthoquinone autocomplexes.

A—Ic; B—Id; C—Ie.

Curves: a—amorphous film, b—crystalline layer, c—differential curves “b”—¢“a”. For
Ic ¥1ax=19000 cm—1, £¢=3200; for Id »,,,=20000 cm-1, ¢=260; Ie—v,,=16600cm-1,
¢=350. All the samples were obtained by sublimation technique.
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Fig. 3. Absorption of crystalline and amorphous films of naphthoquinone autocomplexes.

A—layers from II obtained by sublimation.

Curves: a—amorphous film, b—crystalline layer, c—differential spectrm “b”—“a”, v,

=17800 cm~1, £¢=3100.
B—from layers Ia obtained by melting.

Curves: a—amorphous film, b—the same film in a day, c—absorption of the large-

grained layer, d—differential spectrum
spzctrum ‘‘c”’—“a’.
C—layers from Ib.

“b” “aQ’
b

Ordinate in arbitrary units.

Ymax = 14000 cm~1, e—differential

Curves: a—amorphous sublimed layer, b—fine-crystalline sublimed layer, c—large-grained
layer from the melt, d—differential spectrum “b”—“a”, v, = =~ 15800 cm~!, e—differential

spectrum ‘c’’—*“a”,

For curves a, b, d on the ordinate—extinction coefficient, for

curves ¢, e the absorption is given in arbitrary units.

transfer in AC Ic is primarily caused crystallographic-
ally. It was shown that?%:2%) in crystalline auto-
complex II we might expect intramoleclar donor—
acceptor interaction but the orientation of the nearest
planes of donor and acceptor fragments of adjoining
molecules in the crystal should not favor intermolec-
ular charge transfer. Hence, the very high intensity
of the CTC band in the differential spectrum (Fig.
3A, curve c) may be due either to compression of the
horseshoe-shaped molecules II in the process of crys-
tallization of the amorphous phase, or to additional
intermolecular interaction within the crystal, e. g.
through contacts C-O...Cl. In the case of Ic and
II the interatomic distances of adjacent molecules in
the lattice are practically equal to those caused by
van der Waals interaction?!:23); nevertheless distinct
n-z* charge transfer is suggested for analogous halo-
genquinones by de Gaultier et al.25)

It could be shown in the case of autocomplexes Ia,b
that the optical properties of crystalline films largely
depend on the mode of preparation. Crystallization
of a melt of Ia between glass plates, or fast sublimation
of Ib leads to the formation of blue microcrystalline
layers. Their spectra clearly show an ICT band in
the region of (14—16) x 103 cm~! (Figs. 3 B, C, curves
b, d).

A crystalline melt of quinone Ia between a quartz
and a mica plate, or that of an analogue of Ib between
glass plates has much larger crystalline particles. These
particles are, in the case of a layer of Ia, distributed
non-homogeneously, and the sample is always unevenly
colored. Violet and blue patches can be observed
simultaneously. The resultant spectrum is shown

in Fig. 3Bc. These shades merge into each other on a
change in the angle of vision, or on observing the film
through a polarizing microscope with a white light
source and a rotating object-table. Quinone Ib pro-
duces a more homogeneous layer, and change of the
angle of vision leads to a change of shade of the whole
sample. At the same time, the band in the region
(14—16) x 103 cm~! is less characteristic of this com-
pound, unlike the other analogue of Ia, as can be
seen from curves “c” in Figs. 3B, C and from the
corresponding differential spectra ‘‘c”—‘“a”.

It follows that in microcrystalline samples of AC Ia,b
the orientation of separate single crystals, and, hence,
that of the planes of molecular donor-acceptor pairs,
with respect to the plane of the base is essentially dif-
ferent from the one in the macrocrystalline sample of
quinone Ib. The inhomogeneous macrocrystalline
sample of Ia shows a non-uniform distribution of single
crystals both with respect to orientation and to location
within the area of the film.

The absorption spectrum of a siblimed nitroaryl
AC IIla film has a bathochromically shifted long wave
(length) edge, as compared to that of solution (Fig.
4A, curves a, b). Analysis of first Gaussian components
shows that the low-frequency absorption edge is shifted
towards lower energy values by at least 4x103
cm~l. This indicates a high microcrystal inclusion
or oligomolecular associate percentage in a ‘‘freshly”
sublimed film, intermolecular interaction taking place
between each part of such inclusions. Thus the well
defined 22.5x 103 cm~ band in the differential spec-
trum of amorphous phase us. solution indicates not
only changes in intermolecular interaction between
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Fig. 4. Absorption of nitroaryl autocomplexes.
A—spectra of IIla.
Curves: a—in benzene solution,
sublimed layer, c—differential spectrum ‘“b”’—
B—spectra of IIIb.
Curves: a—freshly sublimed film, b—the same sample
after a 15 day storage, c—differential spectrum
“b”—“a” v...~18000 cm-1, ¢=1500.

b—¢“amorphous”

$n??
“a’”.,

functional groups in the absence of solvent, but also
contribution of the intermolecular charge transfer, as
demonstrated by X-ray studies.24-26)

A freshly sublimed film of the three-member-
bridged autocomplex IIIb hardly differs optically from
a film that has been kept for several weeks. Only a
considerable intensity increase of the CT band and a
slight bathochromic peak shift can be observed, as
compared with that of solution (Fig. 4B and Table 1).
In this case the differential spectrum also shows an
absorption component due to intermolecular inter-
action; both samples are likely to contain both the
amorphous and the crystalline phases, only in dif-
ferent proportions. The ICT band is estimated to be
in the region (17—18)x10%® cm~! in this case.

As expected, owing to different polarization values
of the molecules and their fragments in the solid phase
the variochromic ICT band shift do not always follow
the simple Mulliken relations (spectra of pairs of com-
pounds differing only in one structural element, such
as IIIa, b; Id, e; Ie, c; Ia, b). This, too, can be easily
explained by the fact that the differential spectra can
demonstrate only intermolecular CT absorption as a
whole, which undoubtedly depends on the different
grain orientation at the base for different compounds.

Experimental

Compounds I—IIT were synthesized according to the
methods reported.?’-39 Samples for absorption measurements
were prepared by sublimation of AG I—III in vacuo on a glass
base at room temperature. The sublimation process is
controlled visually. The heater of the evaporator is
switched off3) as soon as the melting point of the auto-
complex has been reached. A thermogravimetric experi-
ment on Ib demonstrated that this substance is not de-
composed by melting. The heating rate of a compound
in the evaporator varied from 3 to 20 min, the vacuum
being about 10-% Torr, depending on the desired type of
film. For the preparation of an amorphous coating, com-
paratively rapid sublimation is usually necessary; only in
the case of complex Ib and amorphous layer could be.

505

prepared by slow sublimation. However, in this case the
film itself must be sufficiently thick. Microcrystalline
layers were obtained immediately in the course of sub-
limation from substances Ic and II only if the evaporator
was heated very slowly. A microcrystalline film from AC
Ib is formed only by very rapid sublimation of a small
sample.

The method of melting the sample in wvacwo between
transparent windows was used when the vacuum-deposited
films turned out to scatter light after crystallization (Ib,
and sometimes Ia). For this purpose a supercooled amor-
phous layer is prepared between two glass plates. In a
few hours the melt crystallizes into a microcrystalline (Ia)
or a large-grained sample (Ib). Large-grained samples of
Ia could be obtained by melting the complex between a
glass and a mica plate. Films of AC IIla, b could not
be obtained by the melting procedure owing to decom-
position,

The authors express their gratitude to E. Chirkowa and
M. Kaminsky for thermographic analysis of AC Ib; to
J. Kalnals for structure analysis by electron diffraction;
to L. Berzina, D. Novicka, E. Silin§ for their assistance
and to Ya. Eiduss for valuable advice.
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