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Table IV. Intensity/mg (Arbitrary Units) of EPR Signal for Solids Obtained, at Different Pressures, from GeH,/CH, 3:1
Mixtures as a Function of Annealing Temperature

GeH, + CH, 525 K 675 K 875 K
total press., kPa g = 2.0025 g = 2.018 g = 2.0025 g = 2.018 g = 2.0025 g = 2.018
46.7 2.06 X 107 3.21 x 1072 9.93 x 1072 1.63 X 1072 6.68 x 1073 I
66.7 5.36 X 10 7.02 X 1073 3.32 x 1073 7.46 x 1072 8.05 X 1075 Il

the intensity of the signal first increases to a maximum
in the 670~920 K range, according to the authors,32-3 and
then decreases. In any case, its attribution to carbon atoms
impurities seems to be widely accepted.’>3%353% In a
previous study on the solid obtained by radiolysis of pure
GeH,,* in the absence of any reasonable source of carbon,
the signal at g = 2.0025 was attributed to free electrons.
Certainly for the material here examined the contribution
of carbon atoms to the signal is obviously of major im-
portance.

In our material the signal of Ge dangling bonds also
appears. The magnitude and the annealing behavior of
both signals are nearly comparable, suggesting that both
C and Ge dangling bonds evolve in a similar way vs tem-
perature, in spite of the different M-H bond energies.

In Table IV is evidenced that the dangling bonds in the
system (the values are chosen as significative samples but
are the same in any experimental condition here used)

(31) Brodsky, M. H.; Title, R. S. Phys. Rev. Lett. 1969, 23, 581.

(32) Miller, D. J.; Haneman, D. Surf. Sci. 1970, 19, 45.

(33) Carlos, W. E. J. Non-Cryst. Solids 1984, 66, 157.

(34) Benzi, P.; Castiglioni, M.; Operti, L.; Splendore, M.; Volpe, P.
Mater. Eng. 1992, 3, 465.

5(35) Stutzmann, M.; Stuke. J.; Dersh, H. Phys. Status Solidi B 1983,
115, 141,

(36) Agarwal, S. C. Phys. Rev. 1973, 37, 685.

reach a maximum at about 675 K, i.e., between the first
and the second phase transition.

Conclusions

Irradiation of the GeH,/CH, mixtures originates ma-
terials with a low carbon content, even when the methane
concentration is high.

The solid compounds obtained by irradiation of the
GeH,/CH, mixtures at room temperature are generally
formed as powder, and, therefore, they do not show any
straight application.

However, the study of these materials is important as
it permits us to understand the mechanism of formation
of alloys in deposition processes. Moreover, the results
obtained can be helpful in planning thin-film alloys, which
theoretical considerations® and some recent experiments
indicate to have interesting photovoltaic properties.
Preliminary X-ray radiolysis experiments ran at 443 K led
to a solid thin homogeneous film.
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Four new tetrathiafulvalene (TTF) derivatives, viz. octadecylthio-TTF (4), octadecylseleno-TTF (5),
octadecyltelluro-TTF (6), and 16-(thiotrimethyltetrathiafulvalenyl)hexadecanoic acid (7) form Lang-
muir-Blodgett films which are semiconducting (¢, = 107-10* S ¢cm™) after iodine doping. These layers
have been characterized by UV /visible and IR spectroscopy in the undoped and doped states.

Introduction

There is current interest in the use of Langmuir-Blod-
gett (LB) technique to organize electron donor and ac-
ceptor molecules at the molecular level with the aim of
producing conducting charge-transfer complexes in the

tDepartment of Chemistry, University of Durham.

1School of Engineering and Computer Science, University of
Durham.

$ University of Copenhagen.

0897-4756/92/2804-0720$03.00/0

form of ultrathin films.!"® In this context, amphiphilic
tetrathiafulvalene (T'TF) derivatives are at the forefront
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of attention.*" Iodine-doped LB films of compounds 1,%'3
and 2,147 in which the donor is present in a mixed valence
state, have maximum conductivity values, ¢;; = 102 and
1.0 S cm™, respectively, while LB films formed by a 1:1
complex of compound 3 and TCNQ have a conductivity
value of o, = 10° S cm™ without doping.!!

s s -f Me S S-S
(=T X=X
S S Me S S M
1; R = G(0)-Cy5Hys 7
2,R= C(S)-O-C15H33
3; R = CH(OH)-Cy7H3s
4; R= S'C1gH37

5 R= SS'C1BH37
6;R= TQ'C1SH37

-(CHz)15CO,H

e

We now describe the formation and characterization of
LB films of a range of new amphiphilic TTF derivatives
4-7 which bear one long side chain, attached to the TTF
ring via a chalcogen atom. The side chain of compounds
46 is hydrophobic and so the TTF ring is the hydrophilic
part of these molecules. In contrast, the side chain of
compound 7 carries a terminal, hydrophilic, carboxylic acid
group.

Experimental Section

Synthesis and Solution Electrochemistry. The syntheses
of compounds 4-6,'® which were prepared in Durham, and com-
pound 7,18 which was prepared in Copenhagen, are described
elsewhere. Compound 4: analysis found C, 59.3; H, 8.2; C,,H,Ss
requires C, 59.0; H, 8.2%. Compound 5: analysis found C, 53.5;
H, 7.7; S, 30.1; C3,H,,S,Se requires C, 53.8; H, 7.5; S, 29.3%.
Compound 6: analysis found C, 49.4; H, 6.7; C;JH S, Te requires
C, 49.3; H, 6.9%. Compound 7: analysis found C, 56.7; H, 7.4;
S, 29.6; Co5H 0S50, requires C, 56.4; H, 7.5; S, 30.1%. A complex
of compound 7 and tetracyano-p-quinodimethane (TCNQ) was
prepared by mixing the two components in dichloromethane
solution. A purple complex of 1:1 stoichiometry was isolated in
90% yield. Analysis found: C, 60.4; H, 6.1; N, 7.6; CyyH(N,0.S;
requires C, 60.3; H, 6.0; N, 7.6%. ., (KBr) 2193 (C=N) em™.
The complex has a two probe, compressed pellet conductivity
value, o = 107 § cm™. Cyclic voltammetric data for TTF
derivatives 4-7 were recorded versus Ag/AgCl, Pt button electrode,
20 °C, scan rate 100 mV s7%; 5 X 10 mol dm™ compound, 0.1
mol dm™ Bu,N*ClO, in acetonitrile using a BAS 100 electro-
chemical analyzer.

LB Film Formation. A fresh ca. 2 X 10~% M solution of the
compounds in chloroform was spread onto an ultrapure water
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Table I. Solution Redox Potential for Compounds 4-7:
Area/Molecule at 30 mN m™! Pressure and Conductivity
Data for LB Films of Compounds 4-7

conductivity oy,

area/ S em™
molecule, before 18 h after
compd E/2,V E,/?3V nm? doping I, doping
4 0.50 0.88 0.16 1x10° 8x102
5 0.49 0.90 0.17 3x10®% 6x10%
6 0.46 0.89 0.14 1x10% 1x107%
7 0.50 0.89 0.30 2x10% 8x107%

aCf. values of E,'/2 and E,!/2 obtained under identical conditions
for the following compounds: TTF, 0.34, 0.78; compound 1, 0.52,
0.90; compound 2, 0.49, 0.86; compound 3, 0.41, 0.76 V.
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Figure 1. Surface pressure versus area per molecule isotherms
for compounds 4 (a) and 7 (b) (temperature 20 °C; compression
rate 5.0 cm? min?).

surface at 20 °C. After evaporation of the solvent, the film was
compressed at a rate of 2 X 10~% nm? molecule™ s while the
surface pressure versus area was monitored. Y-type deposition
of compound 4-7 has been achieved onto hydrophobic or hy-
drophilic glass substrates. In all cases the dipping pressure was
30 mN m™! and the maximum dipping speed was ca. 1 cm min™.,
Film quality was significantly increased when 15% stearic acid
was added to the solution of compounds 4-7. The deposition ratio
for the mixtures was ca. 0.9-0.95, (cf 0.7-0.75 for pure materials
4-7). Doping was achieved by exposing the LB films to iodine
vapor in a sealed container for 2 min.

Characterization of the LB Films. Infrared and UV/visible
near-IR absorption measurements on the LB films deposited on
CaF; crystal were recorded using Mattson Sirius 100 Fourier
transform and Cary 2300 spectrophotometers, respectively. Direct
current lateral conductivity data for different numbers of layers
on glass substrates were obtained using standard two-probe
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Figure 2. UV visible near-IR absorption spectra of LB films of
compound 4 (36 layers): a, as deposited; b, 1 h after iodine doping.

techniques. Electrodes were attached to the film by the use of
air-drying silver paste.

Results and Discussion

Solution Electrochemistry. The electron-donor
ability of the new TTF derivatives 4-7 has been studied
by cyclic voltammetry which reveals the presence of two,
reversible, one-electron oxidation waves for each of the
donors (Table I). The higher oxidation potential of com-
pounds 4-7, relative to TTF, shows that the donor ability
is slightly reduced by attachment of the chalcogen atom
to the ring system. A similar increase in oxidation po-
tential was observed with compounds 1° and 2.1¢

Isotherms. Figure 1 shows the surface pressure, =,
versus area per molecule isotherm for compound 4 (Figure
1a) and compound 7 (Figure 1b). Data for compounds 4-7
are presented in Table I. The area per molecule in the
condensed phase, assuming monolayer coverage, for com-
pounds 4-6 is significantly lower than that expected for
the cross-sectional area of the molecules (estimated using
conventional space-filling models and X-ray crystal
structure data for TTF derivatives), whereas for 7 the area
is closer to the expected value (ca. 30 A). This may be due
to a slight solubility of the compounds in the subphase or
the presence of small amounts of impurities in the samples.
(Samples 4-7 were pure as judged by elemental combustion
analysis: see Experimental Section). These isotherms
suggest that molecules 4-7 are arranged with the side
chains near normal to the subphase plane. For compounds
4-6 it is likely that the relatively hydrophilic TTF ring is
in contact with the water surface, by analogy with com-
pounds 1 and 2.1347 While in contrast to this orientation,
compound 7 is probably inverted, with the polar carboxylic
acid group on the water surface.

Conductivity Studies. Room-temperature conduc-
tivity data for LB films of compounds 4-7 are given in
Table I. A monolayer thickness of 3.5 nm was assumed
in all conductivity calculations. The conductivity of the
as-deposited films was typically 10°-10% S ¢cm™.. The
maximum conductivity of the doped films, measured 18
h after exposure of the LB films to iodine vapor for 2 min,
was 1073-10* S ecm™.

Ultraviolet Spectroscopy. Spectra were obtained from
solution and from LB films of compounds 4, 5, and 7.
Spectra for sulfide and selenide derivatives 4 and 5 were
identical in all cases. The solution spectra of compounds
4 and 5 in acetonitrile showed absorptions at 235, 320, and
375 nm. Figure 2 shows the UV /vis/near IR spectra for
LB films of TTF derivative 4. Curve a was obtained for
36 layers deposited onto glass; curve b was measured for
the same thickness sample 1 h after doping with iodine
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Figure 3. UV visible near-IR absorption spectra of LB films of
compound 7 (30 layers): a, 5 min after iodine doping; b, 2 h after
doping; ¢, 18 h after doping.

vapor (this spectrum was unchanged after 25 h).

For the undoped sample 4, absorptions are present at
218, 285, and 316 nm (curve a) which can be assigned to
intramolecular m—7* transitions of the TTF unit.’®* Curve
b in Figure 2 shows that oxidation with iodine has a
marked effect on the absorption spectrum of the LB film.
Absorption bands at 225, 290, 375 (shoulder), and 985 nm
are now observed, and there is a marked increase in in-
tensity of the absorption bands relative to the undoped
sample. The new bands at 375 and 985 nm (curve b) can
be assigned to m—7* intramolecular electronic transitions
of the TTF radical cations and charge-transfer absorptions,
respectively, which are produced upon doping.!® The op-
tical density of the 285/290 nm absorption band of the
undoped and doped films scales approximately linearly
with the number of layers in the LB assembly (data ob-
tained for 20, 30, and 40 layers), which is indicative of
reproducible monolayer deposition.

LB films of compound 7 (30 layers) show absorptions
before doping at 290 (shoulder) and 400 (broad shoulder)
nm. Figure 3 presents data obtained for the same sample
7 at 5 min, 2 h and 18 h after iodine doping: curves a, b,
and c, respectively. These spectra are qualitatively very
similar to those of the doped sample 4 (Figure 2). Bands
are observed at 285 and 360 nm along with a very broad
band at 900 nm. It is noteworthy that the intensity of all
the bands for the doped sample 7 decreases with time, and,
in contrast to sample 4, the absorption at 900 nm has
disappeared after 18 h.

Polarized UV spectra of LB films of compound 7 after
iodine doping are shown in Figure 4. The charge-transfer
band decreases in intensity with increasing angle of inci-
dence of linearly polarized light, while the =—=* transitions
of the TTF system increase in intensity. This provides
evidence that the T'TF system in the doped films is aligned
at a high angle to the substrate surface.

Infrared Spectroscopy. The transmission IR spectra
for LB films of compounds 4 and 7, deposited on calcium
fluoride substrate, have been obtained before and after
doping. Figure 5 shows the spectra for 36 layers of com-
pound 4 before doping (Figure 5a), 5 min after iodine
doping (Figure 5b) and 26 h after iodine doping (Figure
5¢). Most of the features observed in Figure 5a are asso-

(19) Torrance, J. B.; Scott, B. A.; Welber, B.; Kaufman, F. B.; Seiden,
P. E. Phys. Rev. 1979, BI19, 730.
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Figure 4. Polarized UV /visible/near-IR absorption spectra of

LB films of compound 7 (42 layers) 2 h after iodine doping at

different angles of incidence parallel to the plane of the substrate:

a, angle = 0°; b, angle = 30°; c, angle = 45°.
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Figure 5. IR transmission spectra for LB films of compound 4
(36 layers): a, as deposited; b, 5 min after iodine doping; c, 26
h after iodine doping.

ciated with the thioalkyl chain of compound 4. (The band
at 2350 cm™! is due to atmospheric carbon dioxide ab-
sorption.) The strong bands at 2918 and 2852 cm™ are
easily assigned to asymmetric and symmetric CH,
stretching vibrations, respectively. The small absorption
at 2958 cm™ is associated with terminal CHj stretching
vibrations, and the band at 1472 cm™ is the CH, scissoring
vibration.

The spectra obtained after doping the film of compound
4 in iodine vapor show two striking new features: a
charge-transfer band extends from ca. 1800 to beyond 5000
cm™ and an intense absorption has appeared at 1333 cm™.
This last peak can be explained by the coupling of con-
duction electrons to the vibrational modes of compound
4, which allows previously inactive IR bands to become
active.? Similar data have been obtained previously for
LB films of related charge-transfer materials.3413

Infrared spectra for 38 layers LB films of compound 7
are shown in Figure 6. The spectra obtained before doping

(20) Bozio, R.; Girlando, A.; Pecile, D. Chem. Phys. Lett. 1977, 52, 503.
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Figure 6. IR transmission spectra for LB films of compound 7
(38 layers): a, as deposited; b, 72 h after iodine doping.

(Figure 6a) and 72 h after doping with iodine (Figure 6b)
are qualitatively similar to those obtained for compound
4 discussed above. The carbonyl group of compound 7
accounts for the absorption at 1703 cm™ (Figure 6a) which
shifts slightly to 1707 cm™ in the doped sample (Figure
6b). The vibronic coupling band in the doped films is
observed at 1346 cm™., and the intensity of this band in-
creases with time for ca. 0.5 h after doping. This is in
contrast to films of compound 4 for which the intensity
of the vibronic coupling band is unchanged between 5 min
and 26 h after doping (Figure 5). This implies that iodine
oxidation occurs more slowly for compound 7 than for
compound 4.

Compound 7 forms a 1:1 complex with TCNQ. Unfor-
tunately, attempts to form LB films of the complex were
unsuccessful: the films which formed on glass slides were
composed solely of the donor 7 (IR evidence).

Conclusion

This work has extended the range of electron donors
that form LB films which are conducting upon oxidation.
It is noteworthy that the T'TF derivatives 4~7 described
herein form films of lower conductivity than derivatives
1 and 2 that we have studied recently,®!%14!7 although the
side chains are of similar length and the solution redox
properties of the systems are comparable. We conclude,
therefore, that the carbonyl and thioester groups adjacent
to the T'TF ring of compounds 1 and 2, respectively, play
a significant role in ordering the monolayers of these
materials at the air-water interface and in establishing
order within the LB multilayers. This may be a conse-
quence of the increased polarity of the T'TF ring resulting
from w-conjugation with the C=0 or C=S: to shed light
on this, further experiments are in progress using TTF
derivatives carrying various functional groups in the side
chain.
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