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Two diaminoanthraquinones have been deposited under vac-
uum: 1,4-DAAQ and 2,6-DAAQ. They have been characterized
by infrared (IR) absorption and nuclear magnetic resonance
(NMR) to check that the products did not decompose during the
deposition process. They have also been characterized by visible
and near-ultraviolet absorption, X-ray diffraction (XRD), and
X-ray photoelectron spectroscopy (XPS) and their purities have
been checked by melting point measurements. The IR and NMR
spectra of the films were identical to those of the reference
powder spectra, which shows that the structure of the molecules
is preserved. The presence of a hydrogen bond in 1,4-DAAQ is
clearly put in evidence by the IR, NMR, XPS, and optical
absorption measurements. Whereas 2,6-DAAQ thin films are
crystallized, 1,4-DAAQ thin films are amorphous. The optical
properties of 1,4-DAAQ thin films are modified by the presence
of a silver thin film, whereas those of 2,6-DAAQ are not. ( 1998
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I. INTRODUCTION

Organic compounds are of current interest in many thin-
film applications. More precisely, the enormous range of
materials displaying a variety of electrical and optical prop-
erties, together with the ability to modify their physical and
chemical properties, has led to an increasing research effort
in this field. Organic thin films have been proposed for
a wide variety of applications such as gas-sensitive chemi-
resistors (1), field effect transistors (FET) (2—5), optoelec-
tronic devices (6, 7), electroluminescent diodes (LED) (8—10),
and optical mass memories (11—13).

Among these materials, some anthraquinone derivatives
(AQD), after complex-salt formation with a metal such as
silver for instance, exhibit electrical and optical switching
effects (14,15). Diaminoanthraquinones (DAAQ) are mem-
bers of this promising family. The NH

2
substituent can

interact with some foreign material to give complex salts
with new electrical and optical properties. Recently, it has
30
been shown that complexation of 1,4-DAAQ with a metal
organic metal salt may result in a coordination polymer
(16). In the case of mass memory applications, thin films
should be used. However, up to now, there are no detailed
investigations on DAAQ thin films. Therefore, it is neces-
sary to study systematically the properties of the DAAQ
films and to compare them to those of the corresponding
powder. Then the first attempts to obtain complex salt
could be done.

In the present paper we have investigated two DAAQ
compounds, 1,4-DAAQ, which exhibits a hydrogen bond,
and 2,6-DAAQ, which does not. Properties related to the
hydrogen bonds are investigated in some detail. Following
this study, the modification of the optical properties of
1,4-DAAQ films in the presence of silver will be reported.

II. EXPERIMENTAL

II.1. Thin-Film Deposition Conditions

Films of diaminoanthraquinone with thickness ranging
from 0.5 to 2 lm were deposited on substrates under a dy-
namic vacuum of 10~4 Pa by heating in a tantalum boat.
Powders were provided by Aldrich with purity better than
97%. The structures of 1,4-DAAQ and 2,6-DAAQ are pre-
sented in Fig. 1.

The substrates used were polished glass, NaCl and KBr
single crystals, and stainless steel slides. NaCl and KBr
substrates were used for infrared (IR) and visible absorption
studies, whereas the stainless steel substrates were used for
X-ray photoelectron spectroscopy (XPS) analysis. During
deposition, the substrate temperature, which was stabilized
at 320 K, was monitored by a copper—constantan ther-
mocouple attached with silver paste to the surface of the
sample. To study the modification of the optical properties
caused by Ag, thin films of silver were deposited on to
DAAQ thin films without breaking the vacuum between the
two evaporations. The evaporation rates and the film thick-
ness were measured by the quartz vibration method. The
thickness ratio t

A'
/t
5DAAQ

was about 0.2.
9
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FIG. 1. Structures of the diaminoanthraquinones studied.
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II.2. Sample Characterizations

DAAQ thin films and reference powder were identified
by infrared, visible, and near-ultraviolet absorption and
1H NMR whereas the purity of the samples was checked by
measuring their melting points. The films were chemically
characterized further by XPS. X-ray diffraction studies
(XRD) were also performed.

IR spectra were obtained with a Bruker IFS 85 FT-IR
spectrometer.1 Band positions are expressed in wavenum-
bers (cm~1). Optical measurements were carried out with
a Cary 2300 spectrophotometer from 2 to 0.2 lm.1

1H-NMR spectra were recorded on a Bruker WM 250-
MHz machine.2 Tetramethylsilane (TMS) was used as inter-
nal standard and CDCl3 as a solvent. Melting points were
measured on a Kofler hot-stage apparatus and were uncor-
rected.

XPS analyses were performed with a Leybold LHS-12
apparatus.3 The data were obtained with a magnesium
source of radiation (1253.6 eV) operating at 10 kV and
10 mA. The quantitative XPS studies were based on the
determination of the C1s, N1s, and O1s peak areas with 0.2,
0.36, and 0.61, respectively, as sensitivity factors (the sensi-
tivity factors are given by the manufacturer, Leybold). The
spectrometer were used in mode PE. The decomposition of
the XPS peaks into different components and the quantitat-
ive interpretation were made after subtraction of the back-
ground using the Shirley method (17). The developed curve-
fitting programs permit the variation of parameters such as
Gaussian/Lorentzian ratio, the full width at half-maximum
(FWHM), and the position and the intensity of the contribu-
tion. These parameters were optimized by the curve-fitting
program to obtain the best fit. To cancel the charge effect
1Infrared, visible, and near-ultraviolet absorption measurements were
carried out at the LPC-IMN.

2NMR measurements were carried out at the RMN and Chemical
Reactivity Laboratory, FSTN.

3XPS measurements were carried out at the University of Nantes,
CNRS.
related to the poor conductivity of the samples, the binding
energy of the carbon—carbon bond present in the DAAQ
has been taken as reference. In the literature (18) this band
has a well-defined position at 285 eV.

III. EXPERIMENTAL RESULTS

III.1. Melting Points

The melting points of the different DAAQ powders are
595 and 535 K for 2,6-DAAQ and 1,4-DAAQ, respectively,
whereas they are 598 and 537 K in the case of evaporated
thin films. The values given by Aldrich for pure samples are
599 and 538 K; it can be seen that thin films give the best
results. The melting point of organic compounds decreases
with decreasing purity, and thin films are the purest sam-
ples. The deposition of the DAAQ thin films under vacuum
is a very efficient process for purification of the compounds.
It appears that nonvolatile impurities are excluded from the
deposited thin films.

III.2. Absorption Spectroscopies (IR, Visible, Near-UV)
and NMR

The IR spectra are summarized Table 1. It can be seen
that there is no difference between absorption of the film
and that of the corresponding powder. The attribution of
the main absorption bands and the hydrogen bond influ-
ence will be discussed later.

The results obtained by NMR are reported in Fig. 2.
In the case of the films, they were dissolved in CDCl

3
after removal from the substrates. The chemical shifts re-
ported in Fig. 2 are measured with respect to TMS, and
the nomenclature used is explicated in Fig. 1. Here
also there is no difference between the films and the pow-
ders. Therefore, the IR and 1H-NMR results show that there
is no deterioration of the DAAQ during the process of
thin-film deposition. Moreover, as shown by melting
point measurements, there is a purification of the starting
materials.



TABLE 1
Characteristic IR Bands of the Different DAAQ Samples

Wavelengths (cm~1)

1,4-DAAQ 2,6-DAAQ

Bonds Powder Thin film Powder Thin film

C—H 723 723 749 749
828 828 847 847

1031 1031 886 886
1125 1125 1081 1083
1177 1178 1161 1162

C"C, C—C, C—N 1277 1279 1296 1296
1404 1405 1330 1330
1444 1445
1540 1539
1563 1563 1573 1569

NH
2

1604 1604 1629 1629
C"O 1640 1643 1664 1664

3208 3211
NH

2
y 3263 3275 3334 3335

3385 3395 3424 3425

FIG. 2. 1H-NMR spectra for (a) 1,4-DAAQ powder, (b) 1,4-DAAQ
thin film, (c) 2,6-DAAQ powder, and (d) 2,6-DAAQ thin film.
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The experimental optical absorption spectra are shown in
Fig. 3. It can be seen that the spectra of the films are similar
to those of the powder. However, it appears that in the case
of 1,4-DAAQ there is a red shift effect of the whole spectrum
FIG. 3. Optical density spectra for (a) 1,4-DAAQ powder, (b) 1,4-DAAQ t
and a modification of the relative intensities of the different
contributions of the broad band centered around 550 nm.
Even in the case of 2,6-DAAQ the relative intensities are
modified. An interpretation of these modifications will be
proposed later.

III.3. XRD Study

Both DAAQ powders are crystallized (Figs. 4a and 4c).
The diffraction peaks are in good accordance with the
hin film (1 lm), (c) 2,6-DAAQ powder, and (d) 2,6-DAAQ thin film (1 lm).



FIG. 4 X-ray diffraction patterns for (a) 1,4-DAAQ powder, (b) 1,4-DAAQ thin film (2 lm), (c) 2,6-DAAQ powder, and (d) 2,6-DAAQ thin film (2 lm).
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reference given by the JCPDS data (No. 43-1682 in the case
of 1,4-DAAQ). These results confirm that there is some
order in the DAAQ powders.

In the case of the DAAQ thin films, there are strong
modifications of the spectra.

The 1,4-DAAQ films appear to be amorphous (Fig. 4b),
whereas if the 2,6-DAAQ films are crystallized (Fig. 4d),
their diffractogram is quite different from that of the powder
(Fig. 4c). Some diffraction peaks which are very weak in
the diffractogram of the powder become very strong in the
diffractogram of the films, which can be attributed to a
strong preferential orientation. Annealing at 343, 348, or
353 K for 24 or 36 h does not change the X-ray diffracto-
grams of the films.

III.4. XPS Study

Quantitative XPS analysis of the DAAQ samples is re-
ported in Table 2. The compositions of the films and of the
powders are nearly the same. The small differences with the
theoretical values can be attributed to surface contamina-
tion of the samples or instrumentation errors.



FIG. 4—Continued
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The C1s peak (Fig. 5) can be decomposed into four
contributions. The main component corresponds to the
cyclic carbon (19), whereas the one situated at 286 eV can be
assigned to the C—N bonds of the DAAQ. The third contri-
bution can be attributed to the carbonyls (18) of the DAAQ.
The weak fourth contribution may correspond to a small
surface contamination (COOH); it may also be attributed to
a shake-up effect (n#n*), which is a classical effect in
unsaturated organic compounds (20). The same decomposi-
tion is obtained whatever the sample is. This is not the case
for the N1s and the O1s peaks (Figs. 6 and 7). In the case of
2,6-DAAQ, only one component is needed to fit the experi-
mental curve to the theoretical curve (Figs. 6b and 7b),
whereas in the case of 1,4-DAAQ, the FWHMs of the N1s
and O1s peaks are broader (Figs. 6a and 7a) and the O1s
peak is anisotropic. In that case, the same shoulder is always
observed on the high binding energy side; therefore two
contributions are necessary to fit the experimental curve to
the theoretical curve (Fig. 7a). These differences will be
discussed shortly.



TABLE 2
Quantitative XPS Analysis of the Different DAAQ Samples

(at. %)

1,4-DAAQ 2,6-DAAQ

Theoretical
value Powder Thin film Powder Thin film

C 77.77 79 81 78 80
O 11.11 9 9 13 12
N 11.11 12 10 9 8

FIG. 6. Results of curve fitting to the N1s XPS peak: (—) experimental
curve; (—d—) fitted curve; ( · · d) different components. (a) 1,4-DAAQ thin
film (2 lm); (b) 2,6-DAAQ thin film (2 lm).
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III.5. Optical Properties of the Ag/1,4-DAAQ Structures

As described in section II.2, Ag/DAAQ structures were
deposited by evaporation under vacuum; however, it can be
seen immediately in the case of 2,6-DAAQ that there was
not any interaction between Ag and 2,6-DAAQ. The silver
film remained unaltered on the glass substrate, only covered
by the DAAQ film. In the case of the 1,4-DAAQ films after
deposition, it was impossible to discriminate between the Ag
and the DAAQ films because of their strong interdiffusion.
Therefore Ag/1,4-DAAQ samples could only be studied by
transmission measurements.

In Fig. 8 we can see that in the presence of silver a new
absorption band appears around 400 nm, which is the clas-
sical energy domain of complex-salt absorption bands (16).

IV. DISCUSSION

As shown in the experimental results, there is no de-
composition of the compounds during the thermal evapor-
FIG. 5. Results of curve fitting to the C1s XPS peak of the 1,4-DAAQ thin fi
ation process (Tables 1 and 2). It can be seen in Table 1 that,
roughly, most of the vibrating frequencies are similar in the
two DAAQ. However, by comparison with the 2,6-DAAQ
spectrum, there are some peaks of 1,4-DAAQ which are
shifted toward lower energy. In the IR spectrum of 2,6-
DAAQ, the C"O stretching region is located at 1664 cm~1;
lm: (—) experimental curve; (—d—) fitted curve; ( · · d) different components.



FIG. 7. Results of curve fitting to the O1s XPS peak: (—) experimental
curve; (—d—) fitted curve; ( · · d) different components. (a) 1,4-DAAQ thin
film (2 lm); (b) 2,6-DAAQ thin film (2 lm).

FIG. 8. Optical density spectra: (a) 1,4-DAAQ thin film (2 lm); (b)
Ag/1,4-DAAQ thin-film structure (2 lm).

FIG. 9. Mesomeric effect in the 1,4-DAAQ molecule.
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in the 1,4-DAAQ C"O is at 1640 cm~1. Thus, the l
C/O

stretching vibration of 1,4-DAAQ is shifted to lower energy,
an effect well known in hydrogen-bonded compounds (21).
There is the same effect on the NH

2
vibrations (3424 and

3334 cm~1 in 2,6-DAAQ and 3385 and 3263 cm~1 in 1,4-
DAAQ) (22).

The chemical shifts measured by NMR are reported in
Fig. 2. The main difference consists in the shape of the signal
attributed to the NH

2
protons. In the case of 1,4-DAAQ, the

broad resonance peak (d"6.9—7.3) gives evidence of a slow
exchange (for the NMR technique). This corresponds to the
hydrogen bond, which slows down hydrogen movement in
NH

2
. In 2,6-DAAQ, this chemical shift corresponds to

a narrow signal situated at d"7.5, which excludes the
presence of any hydrogen bond in that compound.

For XPS measurements the broadening of the O1s and
N1s signals cannot be easily attributed to the charge density
fluctuations on the nitrogen and the hydrogen atoms, fluc-
tuations related to the hydrogen bond and the mesomeric
effect present in the 1,4-DAAQ molecule (23) (Fig. 9). Usu-
ally only one form is measured with a charge intermediate
between the two mesomeric formulas; however, an increase
of the FWHM could be induced. Therefore if we assume
that the N1s peak corresponds to only one peak, the
FWHM is 1.7 in the case of 2,6-DAAQ and 2 in the case of
1,4-DAAQ. Moreover, in the case of the O1s signal of
1,4-DAAQ, two contributions are necessary. The second
high-energy contribution is difficult to explain without the
introduction of an extra contribution. The oxygen surface
contamination is known to be situated at about 533 eV (19),
which is in good agreement with a second oxygen contribu-
tion. Therefore it can be assumed that there is some surface
contamination in the case of 1,4-DAAQ.

It has been shown (24—26) that the introduction of elec-
tron donor substituents on the benzene rings of the an-
thraquinone induces the appearance of new absorption
bands, mainly in the visible domain. This effect can be seen
in Figs. 3a and 3b. In the case of 1,4-DAAQ, two peaks are
clearly resolved in this energy domain, which has been
attributed (23) to the mesomeric effect present in this mol-
ecule (Fig. 9). As visible in Figs. 3c and 3d, the same effect is
not present in the case of 2,6-DAAQ. It should be noted that
even if a mesomeric structure is not excluded, its probability
is far smaller in this molecule than in 2,6-DAAQ, because of
the H bond present in the latter sample and not in the
former. More precisely, even if the absorption band in the
visible region of the spectrum could be attributed to reson-
ance between the nucleus and the substituent in some of
the disubstituted anthraquinones, there is evidence that this



FIG. 10. Diagonal division of the 2,6-DAAQ.
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band does not necessarily arise from the molecule as a
whole. Thus the intensity for 1,8- or 1,5-disubstituted an-
thraquinone is twice that of the corresponding monosub-
stituted anthraquinone (24). This ratio shows that the band
is associated with the conjugation of the substituent with the
ketone group, the molecule being diagonally divided as in
Fig. 10. In the case of 1,4-disubstituted anthraquinone, there
is no such additivity because of interaction between the two
chromophoric systems, which gives resonance (Fig. 9). This
resonance induces the double-headed peak in the visible.

We have seen that if the molecules of the DAAQ are
preserved during the evaporation, there are some differences
between the XRD and the optical transmission spectra of
the powders and the films, mainly in the case of 1,4-DAAQ.
Since the films are deposited on a substrate, there could
have been considerable tensile stress in them during the
cooling of the films, which could broaden the absorption
line width. Moreover, the disorder also induces a broaden-
ing effect. The strong disorder present in the 1,4-DAAQ
films, which are amorphous, can also explain the shift of the
absorption spectrum.

In the presence of silver, the large interdiffusion of the
films facilitates interactions between the metal and the or-
ganic compound, which allows complex-salt formation as
shown by the modification of the absorption of the 1,4-
DAAQ. This interaction is facilitated by the absence of
long-range order in these organic thin films. In the case of
2,6-DAAQ, there is long-range order since the films are
crystallized and therefore their compactness forbids silver
diffusion which decreases any interaction between silver and
2,6-DAAQ.

V. CONCLUSION

Following different characterizations of 1,4-DAAQ
and 2,6-DAAQ thin films to check that the DAAQ did
not decompose upon thermal deposition under vacuum,
Ag/DAAQ samples were studied. The main differences be-
tween the properties of the two samples of DAAQ are linked
with the hydrogen bond of 1,4-DAAQ.

Although there is no interaction between silver and 2,6-
DAAQ, the optical properties of Ag/1,4-DAAQ thin-film
samples are modified. The appearance of an absorption
band is very interesting for optical mass memory applica-
tions. These last samples are now under systematic invest-
igations in our laboratory.
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