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Abstract

Rhenium carboxylates of general formula Re,(O,C,Hj,.1)Cl, where n=5-8, were studied as precursors for the photochemical deposition
of rhenium trioxide thin films. Solutions of the inorganic complexes were spin coated on p-type silicon(1 00) substrates and the solid-state
photochemistry studied at room temperature. These compounds were deposited by spin coating onto silicon(1 0 0) forming crystalline thin films
with lamellar, bilayers structures with planes of rhenium(I1I) coordinated to the carboxylate group as demonstrated by X-ray diffraction experiments.
The carboxylates complexes underwent a photochemical reaction, consistent with the decarboxylation of carboxylate ligand to generate CO, and
the radical disproportionation products. The photolyzed films showed sensitivity towards atmospheric water, transforming into a rhenium bronze
structure of the type H,ReO;. Auger electron spectroscopy indicated that the final film is carbon free and composed only of Re and O. The same
behavior was observed in all the rhenium carboxylates independent of the alkyl chain length. The 2-ethylhexanoate complex did form amorphous

thin films which also show the highest quantum yield (& =0.004).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Rhenium metal and its oxides have attracted interest for
applications in a variety of areas, with the most common being
catalysis [1,2]. Lately, interest in metals and metal oxides has
increased in applications like gate electrodes and buffer layers
in electronic devices [3]. Buffer layers are required to reduce the
electron-migration of the materials in integrated circuits under
electrical bias. They have also being applied in superconducting
thin films, preventing the direct interaction of the superconduc-
tor with the substrate materials [4]. ReO3 is a good candidate
as thin film for application as buffer layer because of its low
resistivity, thermal stability and good oxidation resistance [5].

ReO3 structure is the simplest framework structure for an
MX3 compound [6]. Its structure is based on six coordinate
pseudo-octahedral Re(VI) building blocks, with the octahe-
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dral units connected in a corner-sharing fashion forming a 3D
network [7]. Rhenium trioxide is also attractive since it is a
conductor oxide [8] with the conductivity arising from partially
filled 4d states and the mixing of metal and oxygen atomic
orbitals.

Thin films of ReO3 have been deposited by methods like
smoked evaporation of the metal oxide [9], RF magnetron
sputtering, [5] and dc magnetron sputtering [10]. However, sput-
tering methods lack control over the oxidation process, often
forming Re,O7 as a by-product. Re,O7 can also vaporize due to
its high vapor pressure at the conditions of deposition. Hence,
room temperature fabrication would appear to be an optimal
approach for the deposition of rhenium oxide thin films. We
have being working on approaches to the deposition of metal
oxide thin films involving the use of amorphous thin film from
an inorganic precursor, and later decomposed the complex using
some energy source, like UV light [11]. The method relies in that
the light induces a photochemical reaction, which triggers the
decomposition of the starting material.

In this paper we present our studies regarding the photoreac-
tivity of molecular dirhenium complexes with carboxylic acids
on silicon surfaces. The carboxylate complexes selected for this
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study were the rhenium(IIl) carboxylates of general formula
Re>(0,C,Hy,—1)4Clo, where n ranged between 5 and 7. This
complexes showed interesting behavior when spin coated on
surfaces, self-assembling and forming highly organized layered
structures. Solutions of rhenium carboxylate were spin coated
on silicon to form optical quality thin films and their photochem-
istry was studied at 254 nm wavelength. Our results show that
all the complexes decomposed when exposed to the UV light
and that rhenium trioxide is form upon photolysis. A secondary
reaction was observed on photolyzed thin films in which the
ReOj3 transform into a rhenium bronze (H,ReQO3) structure.

2. Experimental
2.1. Materials and instruments

All solvents and reagents were purchased from Aldrich and
used without further purification unless specifically stated. The
p-type Si(100) wafers used in this study were purchased from
Pacific Microelectronic Center, Canada. The wafers were cut to
the approximate dimensions of 10 mm by 15 mm in our labo-
ratory. CaF, discs were obtained from Wilmad Glass Co. Inc.,
FTIR spectra were obtained using a Bomem—Michelson 120
FTIR spectrometer. Electronic absorption spectra were obtained
in the range from 190 to 800nm using a Hewlett Packard
HP8452A photodiode array spectrophotometer. Auger electron
spectra were obtained using a PHI double pass cylindrical mirror
analyzer (CMA) at 1eV resolution. Films thickness was deter-
mined using a Leitz Laborlux 12MES optical microscope with a
Michelson interference attachment. The irradiation source was
a 254 nm low pressure Hg lamp from Orion, Co. Cut off filters
and a water filter were used to remove unwanted wavelengths
and thermal effects, respectively. X-ray diffraction spectra were
obtained using a Phillips X-ray diffractometer operating at
35KV and 45 A. The X-ray source was monochromatic Cu Ko
(1.54 A) line. The experiment resolution was 0.05°.

2.2. Synthesis of rhenium carboxylates

The synthesis of the acetate and pentanoate complexes was
performed according to literature procedures [12]. A modifica-
tion of the published method was used in the synthesis of the
complexes with 2-ethylhexanoic, hexanoic and heptanoic acid.
In this modification, the rhenium(III) acetate was suspended in
the minimum amount of the corresponding degassed carboxylic
acid and the mixture was heated. After a couple of minutes the
solution turns red once the acetate had dissolved. The solution
was then heated for 8 h under nitrogen. Addition of hexane and
cooling of the solution precipitated the corresponding carboxy-
late product.

2.3. Thin film deposition

Optical quality thin films of rhenium(III) carboxylates were
formed on the substrates by spin coating. Chloroform solutions
of the respective rhenium(IIl) carboxylate (10% w/w) were fil-
tered through 0.25 wm to removed insoluble particulates prior

to spin coating. The solution was then dispensed onto a silicon
chip and the substrate spanned at 300 rpm for 20s.

2.4. Calibration of absorption on surface

A stock solution of rhenium(III) pentanoate (0.0024 g) was
prepared in CHCl3 (5ml). A drop (3.3 pl) of this solution
was then deposited on the surface of a silicon chip using a
microsyringe. The solvent was allowed to evaporate and the
FTIR spectrum was obtained. The spectrum corresponds to a
concentration of 2.4 x 10~ mol cm~2 (area=0.785 cm?). This
process was repeated several times and the calibration curve of
absorbance versus concentration (molcm™2) was constructed.
The slope of this graph corresponds to the infrared extinction
coefficient (er), which was found to be 1.16 x 10° mol~! cm?.
The extinction coefficients for the other absorption bands were
obtained relative to the absorption at 1460cm~!. The same
procedure was followed to determine the infrared extinction
coefficient of the absorption bands in the infrared of all the
other complexes studied. The extinction coefficients at the wave-
length of photolysis (254 nm) were obtained as follows: a sample
of rhenium(III) pentanoate was spin coated onto CaF, optical
flats. Both FTIR and UV-vis spectra were obtained for the
sample. The ratio of the absorbance, Ayy at 254 nm, to the
absorbance, Ar at 1460 cm~!, was 6.182. This ratio was mul-
tiplied by the extinction coefficient in the infrared, g, in units
of cm? mol~! yielding an extinction coefficient (eyy) at 254 nm
of 7.67 x 10% mol~! cm?.

2.5. Photolysis

All photolysis experiments were done in the same manner.
Spin coating on the surface of a silicon chip formed a rhe-
nium(III) carboxylate thin film. The chip was clamped to the
sample holder inside a chamber. A dry atmosphere was kept
inside the chamber by flowing air that was previously dried
through Drierite and an acetone/dry ice trap. An FTIR spec-
trum was measured though CaF; windows and then the film
was irradiated for 5 min with 254 nm light. As stated above,
water filter was used to remove unwanted thermal effects. A
second FTIR spectrum was then measured. This procedure was
repeated several times until complete reaction (no IR bands of
starting material).

3. Results

Optical quality thin films of rhenium(III) carboxylates were
formed on the substrates by spin coating. This was accomplished
by the delivery of a chloroform solution of the complex onto a
spinning silicon chip. The solvent evaporates and a thin film
is formed on the substrate. Chloroform was chosen as solvent,
because it rendered the best quality thin films (compared to other
solvents tested such as dichloromethane, ketones, methanol,
etc.). Polar protic solvents like methanol deposited powdery
thin films. This can be explained by the dissociation of the
carboxylate complex when dissolved in alcohol.
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Table 1

FTIR spectroscopic data for the rhenium(IIT) complexes

Complexes Wavenumber , cm™!, Assignment [23,24]
(err, mol~! cm?)?

Re;(0,CsHyg)4Cly 1460 (1.00) 85(CH3)
1440(0.73) v2(CO2)A2,
1418(0.72) 8s(CH3)
1296 (0.28) vs(CO2)E,

Re(02CsHy1)4Clp 1458 (0.98) 8s(CH3)
1437(0.95) v2(CO2)A2y
1419(0.98) 8s(CH3)
1402(0.33) 85(CH3)
1310(0.12) v5(CO2)E,

Rez(02C7H13)4Cl 1463 (0.67) 85(CH3)°
1441(0.96) v3(CO2)A2y
1432(0.72) 85(CH3)
1390(0.40) 3s(CH3)®
1321(0.24) vs(COL)E,

Re,(02CgH;5)4Clp 1462 (1.11) 8s(CH3)®
1424 (1.82) v2(CO2)A2y
1321(0.78) v5(CO2)E,

? Instrument uncertainty 0.05°.

The thin films of rhenium(IIl) carboxylates were charac-
terized by transmission FTIR, UV-vis and X-ray diffraction
spectroscopies. Unless specifically stated, a silicon chip was
used as the substrate. Oxide coated silicon was used in the X-
ray diffraction experiments and CaF, optical flats were used for
UV-vis spectroscopy studies.

3.1. FTIR spectroscopy of rhenium(Ill) carboxylates

A thin film of rhenium(IIl) pentanoate deposited on
silicon(100) was analyzed by FTIR (Table 1). Apparent
in the spectrum are five absorption bands in the range
1460—1290 cm™!. Three of them dominate the spectrum and are
due to the carbonyl and alkyl groups in the carboxylate ligand.
The antisymmetric (A,,) and symmetric (E,) CO; stretches are
assigned to the absorption bands at 1440 and 1296 cm ™!, respec-
tively. The difference between the antisymmetric and symmetric
stretches (A D) has been used to distinguish the types of bonding
of carboxylates with metals. The Av value is known to decrease
in the order: unidentate > ionic > bridging > bidentate.

The AD = 144 cm™" of rhenium(III) pentanoate agrees with
the value for a bridging carboxylate group. It is also consistent
with the crystal structure of the acetato derivative [13]. There-
fore, this carboxylate bridge is a syn—syn type, which allows the
direct interaction of the two-rhenium atoms in the molecule.

The FTIR also shows two intense bands at 1460 and
1418 cm™!. The alkyl chain of the carboxylate ligand is known
to have bands associated with the CH3/CH; bending modes
at about 1400 cm™!. There is presumably a significant mixing
between the vibrational modes of the antisymmetric CO;
stretch and the alkyl group deformation stretch which could
explain the stronger than expected intensity in the alkyl group
absorption band.

The FTIR spectroscopic data for thin films of the other rhe-
nium(IIl) carboxylate complexes is also presented in Table 1.
The spectral data of the other complexes did not differ sig-

nificantly from the rhenium(IIl) pentanoate data. In each
case, one intense band and one weak band are found asso-
ciated with the antisymmetric and symmetric modes of
the carboxylate group, respectively. In general, the sym-
metric stretch appears weaker in the spectra. Additional
band(s) associated with the alkyl group deformation are also
present. As previously mentioned, an increase in the inten-
sity of the band was observed when going from Cs to
Cs.

3.2. Electronic spectroscopy of rhenium(IIl) carboxylates

The solid-state electronic spectra of the rhenium(IIl) car-
boxylates were determined by UV-vis spectroscopy. Optical
quality thin films of rhenium(III) pentanoate and the other com-
plexes were spin coated on CaF, optical flats.

The spectrum is dominated by two intense absorptions at
214 and 276 nm. The band at 276 nm was previously assigned
to the charge transfer transition m(Cl) — 8*(Re) by Cotton
et al. They reported that the wavelength of the absorption
changed remarkably when the halogen ligand is exchanged,
but it was unaffected by changes in the carboxylate ligand.
The absorption at ~214 nm can be assigned to intraligand elec-
tronic transitions of the carbonyl group. Carboxylate groups
tend to show m— 7* and n— 7 transitions in the region
190-210nm, which should shift to longer wavelength upon
coordination.

In the visible region of the spectrum, bands at approximately
482 and 500nm are expected for rhenium(IIl) carboxylates.
These transitions were not observed in our solid-state spectrum.
These expected absorptions are the electric-dipole forbid-
den but vibronically allowed m(Re) — 8*(Re) (' Aj,—>E,) and
the electronically allowed 8(Re) — 8*(Re) (A 1g— A2y) tran-
sitions, respectively [14]. Although the later transition is
allowed, it is not sufficiently intense to be observed in these
films.

The electronic absorption spectra for the complexes are sum-
marized in Table 2. The spectra of all the complexes show similar
features: intense charge transfer absorption at 274 £ 4 nm due to
the (Cl) — Re transition and a shorter wavelength band associ-
ated with the carboxylate ligand. The weak d—d transitions were
not observed in the solid-state spectrum.

Table 2
Electronic absorption data for the rhenium(III) carboxylates

Complexes Wavelength, nm Assignment [25]

(euy, mol~!' cm?)
Re(02C5Hyg)4Cly 216(1.92)

276 (1.69) 7(Cl) — 8*(Re) (IAIg —1Ey)
Rez(02C6Hi1)4Cly 214(1.75)

274(1.42) m(Cl) — 3*(Re) (‘A1 — 'Ey)
Re2(0,C7H13)4Cl, 214(2.10)

278(2.02) 7(Cl) > 8*(Re) (lAlg —1Ey)
Re2(02CsHi5)4Cly 214(2.28)

282(2.37) m(Cl) — 3*(Re) (‘A1 — 'Ey)
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Fig. 1. X-ray diffraction of thin film of rhenium(III) pentanoate on silicon oxide
wafer.

3.3. X-ray diffraction

Thin films of the rhenium(IIl) carboxylates deposited on
oxide-coated silicon were investigated by X-ray diffraction. A
thin film of rhenium(III) pentanoate was mounted on a glass slide
and the X-ray diffraction pattern was obtained using monochro-
matic Cu Ka radiation (A=1.54 A). The X-ray diffraction
pattern of rhenium(III) pentanoate is presented in Fig. 1. The thin
film of rhenium(III) pentanoate produced a well-defined X-ray
spectrum. The X-ray pattern contains a series of sharp equidis-
tant Bragg reflections, indicative of at least one-dimensional
order in the film of rhenium(IIl) pentanoate. The pattern consists
of reflections at 26 of approximately 8°, 15° and 22°. Indexing of
the X-ray diffraction pattern indicates that the observed reflec-
tions correspond to the successive (0 0 ) reflections planes of an
ordered system consistent with a lamella structure with a inter-
layer spacing of 12A. A second family of reflections at 26 of
4.4°,8.9° and 15.3° is observed in some cases, corresponding
to a d spacing of approximately 20 A. This is consistent with
patterns resulting from a tetragonal distortion of the alkyl chain
arrangement and it is dependent on the deposition conditions.

The remaining long chain complexes show similar X-ray
diffraction patterns. Films of rhenium(III) hexanoate and rhe-
nium(III) heptanoate show the diffraction peaks corresponding
to the (00 /) reflections,. Similarly to the rhenium pentanoate,
a second family of reflections, significantly less intense than
the main reflection, is sometimes observed. The X-ray diffrac-
tion peaks for all the complexes are summarized in Table 3.
From the XRD data, the interlayer spacing calculated for thin

Table 3

X-ray diffraction angles for rhenium(III) carboxylate on oxide coated silicon
Complexes 26 value?® d spacing®
Re;(0,CsHg)4Cly 7.61 (100), 14.8 (27), 22.5 (5) 11.8
Re»(02CsH11)4Clo 5.85(100), 11.6 (34), 17.6 (13) 15.1
Re»(0,C7H3)4Cl 5.31 (100), 10.50 (29), 17.62 (11) 16.2

Rez(02CsHi5)4Cly

? Instrument uncertainty 0.05°.
b Average value in A.
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Fig. 2. FTIR spectral changes in the metal carboxylate (top) and metal oxide
(bottom) regions for the photolysis of a film of rhenium(III) pentanoate. Times
of photolysis are 0, 22, 35, 68, 84 and 156 min.

films of rhenium(III) hexanoate and heptanoate are 15 and 16 A,
respectively.

The 2-ethylhexanoate complex did not show any peaks in
the X-ray spectrum, indicative of the amorphous nature of the
precursor thin film. The presence of the side chain in the carboxy-
late ligand may disturb the self-alignment of the carboxylate
molecules preventing the formation of a lamellar structure.

3.4. Photolysis

A thin film of rhenium(IIl) pentanoate was placed in a
photolysis chamber as previously described. Vibration bands
due to the antisymmetric and symmetric carboxylate were
observed at 1440 and 1296 cm™!, respectively. Vibration bands
from the alkyl groups at 1460 and 1418cm™! were also evi-
dent. The sample was exposed to 254nm light for 22 min
and the FTIR was measured. Fig. 2 illustrates the spectral
changes in the carboxylate region observed during the pho-
tolysis of the film of rhenium(Ill) pentanoate. After 22 min of
photolysis, the carboxylate bands at 1440 and 1296 cm~! had
decreased by approximately 50%. No new vibration bands in the
1500-1200 cm™! range were observed. In addition, the vibra-
tion bands at 1460 and 1418 cm™!, attributed to the CH, group
in the alkyl chain, decreased in intensity. This indicated that
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Table 4

FTIR absorption bands of photolyzed thin films in dry air

Complexes Vibration bands Assignment

Re»(02CsH11)4Clo 943 vas(ReO3)
845 Vy5(O-Re-0)

Rez(02CsH13)4Clo 939 v,as(ReO3)
851 Vy5(O-Re-0)

Re»(02C7H;15)4Clo 941 Vas(ReO3)
845 Vy5(O-Re-0)

Re»(0,CgH17)4Cln 941 vas(ReO3)
847 Vys(O-Re-0)

Instrument resolution +4 cm™!.

the carboxylate ligand is lost upon photolysis. Careful exam-
ination of the 1000-800cm™" region in the FTIR showed the
growth of two broad bands centered at 943 and 845 cm™!. These
absorptions were assigned as the v,(ReO3) and v,(O-Re-0)
absorptions, respectively and they agreed with published results
[15]. A similar trend was observed when the reaction was moni-
tored longer times; with the absorption bands of the carboxylate
ligands decreasing until no sign of remaining ligand could be
detected in the film. In the oxide region of the spectrum, the two
absorptions from the oxide product were clearly evident.

After extensive photolysis, no evidence for absorption bands
other than the oxide was found. The bands associated with the
starting material, Re»(0O2CsHy)4Cl,, were no longer observ-
able. The other rhenium(III) carboxylates were also cast as thin
films and exposed to 254 nm light at room temperature. In each
case, the vibration bands in the range of 1500-1290 cm™ 1 corre-
sponding to the carboxylate ligands (symmetric, antisymmetric
and alkyl deformation bands), decreased in intensity without
growth of new bands in the indicated range. Also, the vibration
bands associated with rhenium oxygen bonds were observed to
grow in the range of 950-840 cm~!. The FTIR absorption bands
found in the films after photolysis are summarized in Table 4.
In all cases, the two absorption bands centered at approximately
940 and 840 cm™! are the only absorption bands detected after
photolysis. These absorptions were assigned as the v,5(ReO3)
and v,5(O-Re-0) of rhenium oxide. After the sample has been
left in the air for several hours, it was evident that the pho-
tolyzed film suffers changes. The two bands originally observed
after photolysis in dry air coalesce into a single sharp band cen-
tered at 902 + 1 cm~!. This peak was found in all the samples
after photolysis and exposed to ambient air. The peak is strongly
resembling of the FTIR of evaporated ReO3 on silicon described
by Ishii et al. [9].

4. Mass spectroscopy of the volatile organic
photoproducts

Mass spectroscopy was used to identify the volatile products
from the photolysis of the rhenium(III) carboxylates. A thin film
of rhenium(IIl) pentanoate was placed inside a sealed quartz
cell and photolyzed for 3 h. After exposure, the chamber was
connected to a mass spectrometer for analysis of the gaseous
products. The spectrum showed the signals consistent with the
fragmentation of the starting material. The highest intensity

peaks observed correspond to CO; (m/z of 44) and HoO (m/z of
18). For m/z higher than 44, the spectrum showed two families of
peaks at 27,41, 56 and 29, 43, 58. These families are consistent
with fragmentation patterns due to C4Hg and C4Hjg, respec-
tively. Thus, the mass spectrum is consistent with products from
a decarboxylation reaction of the pentanoate ligand. After pho-
ton absorption, the carboxylate group will lose CO5, (detected in
the MS) and produce an alkyl radical fragment, [C4H9]°. Later,
this radical can disproportionate to yield C4H;o(m/z=58) and
C4Hg(m/z=56), both molecular ions detected in the MS, by
hydrogen abstraction. Similar results were obtained from the
photolysis experiment of the other carboxylate complexes on sil-
icon. For example, the mass spectrum obtained from a sample of
2-ethylhexanoate complex showed a fragmentation peak at m/z
of 44 and two other sets of peak families. The first set was found
atm/z41,56,69 and 98. These peaks are consistent with the frag-
mentation pattern of 3-heptene (C7H14). The second family of
peaks was found at m/z values of 43, 57, 71 and 100. This pattern
is consistent with heptane (C7H;¢). Again, these products, hep-
tane and 3-heptene, can be formed from the disproportionation
reaction of the decarboxylation product, [C7H; 5], of the 2-
ethylhexanoate ligand. Therefore, mass spectrometry indicates
that the major volatile products of the photolysis of rhenium(III)
carboxylate complexes are the products of the decarboxylation
of the carboxylate ligands, CO; and radical disproportionation
products.

4.1. X-ray diffraction of photolyzed thin films

Samples of photolyzed thin films of rhenium(III) pentanoate
were analyzed by powder X-ray diffraction (Fig. 3). After pho-
tolysis, the X-ray spectrum showed three reflections at 16.4°,
25.4° and 51.3°. These reflections are consistent with the (1 1 0),
(210) and the (330) planes of a hexagonal ReO3 phase with
approximately lattice parameter a=4.72 and ¢ =4.36, respec-
tively [16]. When the thin film produced from rhenium(III)
pentanoate were left in air for longer periods of time (>70 h), the
initially smooth film became powdery. The diffraction pattern

40000 |

20000

\.
|

Intensity

20 40 80
20

Fig. 3. XRD spectra of rhenium(IIl) pentanoate deposited on oxide coated
silicon, (a) before and (b) after 40 h of photolysis.
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X-ray diffraction data for the photolyzed thin films of rhenium(III) carboxylates and ReO3 and H,ReO3 literature®

Complex 26 angle (°) hkl index 20 ReO3 (°) 26 HyReO3 (°)
Re»(02,C5Hg)4Cly 16.43 110 16.56 16.36

25.52 210 25.5 25.45

51.30 330 51.07 50.90
Re(02CgH1)4Cly 16.53 110 16.56 16.36

25.46 210 25.5 25.45

56.25 006 56.78 56.82
Rer(0,C7H 3)4Cly 16.70 110 16.56 16.36

25.33 210 25.5 25.45

56.30 006 56.78 56.82

2 Time: 70 h in air.

showed the appearance of more reflections at 260 angles of 16.8°
(110), 25.7° (121), 30.7° (200), 33.8°(211), 41.8°(240),
47.1° (161) and 51.4° (170). These changes in the X-ray
diffraction pattern of ReO3; when left in air are consistent with
previous reports that indicated the formation of a rhenium bronze
(H,ReO3) [17]. The Bragg diffractions for a polycrystalline sam-
ple of HyReO3 had been reported at approximate 26 angles of
16.4°,25.45°,27.7°,30.2°, 34.8°,41.1° and 50.9°. This behav-
ior of ReOj3 can be explained by the reactivity of ReO3 towards
water vapor and can be represented by the following chemical
equation:

(1 4+ x)ReO3 4+ xH,O — H,ReO3 + HReO4 1)

The oxide films produced from the other rhenium(IIl)
carboxylates also showed a similar behavior. After 40h of
photolysis, the initial peaks had disappeared and three other
diffraction peaks grew in intensity. All the other photolyzed
thin films made of rhenium(IIl) carboxylates only showed two
diffraction peaks at 26 angles of approximately 16° and 25° in
their X-ray pattern and a third one at ~50° later in the photoly-
sis. The final Bragg reflections for the photolyzed thin films are
summarized in Table 5.

Photolyzed thin films of rhenium(IIl) 2-ethylhexanoate
showed only a single diffuse Bragg reflection centered at a 26
angle of approximately 20°. This indicates that the thin film
before and after photolysis is amorphous.

4.2. Surface analysis of photolyzed thin films

Surface analysis of the photolyzed thin films was performed
by Auger electron spectroscopy (AES). A photolyzed thin film
of rhenium(IIll) pentanoate was transferred to the Ultra high
vacuum (UHV) chamber of the Auger microprobe. The Auger
electron spectrum was obtained at 3keV acceleration voltage
and 1.7 mA current. The spectrum showed the presence of rhe-
nium (20%) and oxygen (54%) as the main components on the
surface of the silicon chip, together with some carbon (20%). To
elucidate the bulk composition of the films, a depth profile study
was performed. This experiment consists in the sputtering of the
film, to remove material from the surface using high-energy Ar*
ions. After 10s of sputtering, the carbon contamination drops
below the Auger microprobe detection limit. The presence of
carbon on the surface of films is commonly observed in this type
of experiment and it is due to atmospheric hydrocarbon contami-
nation, like CO; and low molecular weight hydrocarbons, of the
surface. The AES spectrum shows the peak corresponding to Si
at ~90keV. The peak is consistent with the observation of voids
in the final photolyzed film. Because of the closeness of the main
AES peaks for rhenium and chlorine, it is difficult to assign peaks
in the region 160-180keV (Re=176keV; Cl=181keV). How-
ever, the shape of the Auger peak can be used as an identification
parameter. The Cl peak is always a sharp single peak. In contrast,
the rhenium peak is broad and consists of three spikes, which
was the case of our films. The observed peak for rhenium cor-

Table 6

AES analysis of photolyzed films of rthenium(III) carboxylates

Complexes Sputter time (s) %Re? %0 DoC? O/Re ratio

Re;(0,C5Ho)4Cly 0 20(24.0) 54(%£11) 26(£5.2) 2.7
10 34(46.8) 66(+13) b 1.94
20 49(£9.8) 51(£10) b 1.04

Res(02CH11)4Clp 0 26(+5.2) 52(£10) 22(+4.4) 2.0
10 42(+8.4) 58(£12) b 14
20 47(+9.4) 53(£11) b 1.1

Re,(0,C7H;3)4Cly 0 18(+3.6) 56(+11) 26(+5.2) 3.1
10 46(£9.2) 54(%11) b 1.2
20 39(£7.8) 61(£12) b 1.56

Re(02CgHi5)4Cln 0 19(£3.8) 49(+9.8) 32(+6.4) 2.6
10 43(+£8.6) 57(x11) b 1.33
20 48(£9.6) 52(£10) b 1.1

2 Error approximately 20 at%
b Concentration below detection limit.
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Table 7

Calculated quantum yields for the decomposition of rhenium(III) carboxylates

Complexes Iy (mol cm™—2 5) suv (cm? mol~!) Pry® Dambient®
Re>(0,C5Hg)4Cly 1.95x 1070 7.67 x 100 (53+£1.2)x 1074 (47+£04)x 1074
Rex(0,CeHy1)4Cly 6.04 x 10~ 4.52 x 10° (75+14)x 10~ (77+£13)x 107*
Re1(0,C7H 3)4Cly 1.95x 1070 7.37 x 100 (724£0.9) x 1074 (8.4+0.05) x 10~*
Re(0,CgH;5)4Cly 1.95x 107? 6.79 x 100 (4.6+£04)x 1073 (3.1+£0.40) x 103

2 Error based in exponential decay fitting.

responds to a kinetic energy of 176 keV. Similar analyses were
performed on thin films produced from the other rhenium(III)
carboxylates. The surface of the photolyzed films showed the
presence of rhenium, oxygen and carbon as surface elements.
After approximately 20 s of sputtering, the carbon signal disap-
peared; only the peaks attributed to rhenium and oxygen were
found. The Auger results are summarized in Table 6.

These results are consistent with the formation of rhenium
oxide thin film after photolysis. All the photolyzed thin films
followed the same trend and yielded thin films with an aver-
age atom composition of 42% Re and 58% O. The low ratio of
oxygen to metal composition is a consequence of the sputter-
ing experiment. The rate of sputtering depends on the atomic
mass of the element. Oxygen is removed at a higher rate than
the metal so the relative decrease of the oxygen in the bulk film
is expected.

A simple X-ray photoelectron spectroscopy (XPS) was run to
analyze a photolyzed thin film of rhenium(IIl) pentanoate. The
binding energy value for the f7,; orbital is found at 47.4eV (C
1s corrected) consistent with the presence of Re(VI). Broclawic
et al. [7]. reported the binding energy of rhenium trioxide at
46.8 eV, indicating the presence of Re(VI) in the final film. These
XPS results are consistent with the formation of ReO3 on the
final film.

5. Quantum yields

As previously described, irradiation of a thin film of rhe-
nium(IIl) carboxylate led to the loss of the absorption bands
associated with the starting material. Quantum yields were
calculated to determine the efficiency of the photochemical reac-
tion. The following equation was derived to describe the amount
of photoreaction as function of photolysis time

A, = Agel (2303l +xT)1] @)

In this equation, ¢ is the extinction coefficient (mol~! cm?)
at 254 nm, Iy is the light intensity (Einstein s), @ is the quantum
yield of the reaction, « is the thermal decomposition rate constant
(Ks™!) and T is the absolute temperature [18]. The quantum
yields are calculated based on the decomposition reaction of the
starting material.

A thin film of rhenium(IIl) pentanoate was formed on
Si(100). The sample was irradiated with 254 nm light and the
decay of the complex vibration bands over time was followed by
FTIR. The absorbance intensity at 1440 cm ™! versus photolysis
time was used to calculate the extinction coefficient.

In order to account for any effect of thermal heating of the
sample during photolysis, the sample was exposed with the same
source but with the lamp directed at the back side of the silicon
(i.e. the non-coated face). Because of the high thermal conduc-
tivity and thickness (~300 wm) of the silicon chip used, the
temperature gradient between the front and back of the sub-
strate is assumed to be minor. Any changes in the FTIR spectrum
can therefore be attributed to thermal decomposition and not to
photodecomposition. This experiment showed that no changes
occur in the FTIR during a similar exposure time. Therefore, the
thermal coefficient in Eq. (1) can be omitted, obtaining Eq. (2).

A, = Aoe[7(2.303810<1>)t] 3)

The intensity of the incident 254nm light was
1.95x 1072Es~!em™2 and the extinction coefficient,
€254, was 7.67 x 10°mol~! cm?. The quantum yields for the
photodecomposition with 254-nm light, @54, were 0.00053
(£1.2x107%) and 0.00047 (+4 x 107°) for dry air and
ambient air experiments, respectively.

All other complexes were studied in the same manner. The
photolysis was monitored by FTIR and the absorption bands
due to the ligands were observed to decay over time. Plots of
absorbance at 1436 (+9) cm™! versus photolysis time were fit to
a first order exponential decay. The experiments were repeated
for all the other complexes studied when photolyzed in ambient
air. The calculated quantum yields for decomposition in dry and
ambient air with 254 nm light are summarized in Table 7. The
calculated quantum yields are consistent with the reaction being
a one-photon process and did not change when the photolysis is
performed in either dry or normal air.

6. Discussion

A family of carboxylate complexes of rhenium(III) was stud-
ied on silicon surfaces. The original synthesis involved reacting
tetrabutylammonium octachlorodirhenate with a mixture of the
corresponding carboxylic acid and carboxylate anhydride. This
approach failed in producing rn-alkyl carboxylates with linear
alkyl chain longer than 5atoms because of the high tem-
perature needed to activate the reaction usually higher than
the decomposition temperature of the product. The alterna-
tive synthesis consisted in refluxing the rhenium(IIl) acetate
with the minimum volume of the deoxygenated carboxylic
acid, the rhenium(IIl) pentanoate, hexanoate, heptanoate and
2-ethylhexanoate were synthesized in this way. This approach
reduced the refluxing times and increased the yields of the reac-
tion. In addition, the compounds could be isolated by simply
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cooling down the solution obtaining them highly pure. When
the rhenium(II) carboxylates were spin coated on oxide coated
silicon, the X-ray diffraction pattern (recorded at room tempera-
ture) exhibited a series of sharp reflections with reciprocal lattice
spacing in the ratios 1:2:3, indicating that the complexes adopt
a lamellar structure on the surface of the silicon substrate. The
diffraction patterns were consistent with those obtained for cop-
per(Il) alkanoates [19] and praseodymium(III) alkanoates [20].
The lamellar structure of the rhenium(IIl) carboxylates can be
described as a layered structured comprised of the polar cores
(Cl-Re—Re—Cl) separated by two layers of paraffinic chains.
From the X-ray data, the interlayer separations were calculated
and an increase in interlayer separation of 2.5 A, equivalent to
two carbon atoms, was found. This value compares reasonably
well with the value of 2.54 A found for normal paraffin in the
crystalline state. It also indicates that, in the rhenium(III) car-
boxylate thin film, the average direction of the chains lies at an
angle of about 10° with respect to the perpendicular to the layers.

As already outlined, fabrication of metal oxides thin films by
low temperature process is highly desirable. In this approach,
using UV light make the process even more attractive because
of the potential to be applied in energy sensitive process like
the ones found in electronic industry. The calculated values of
quantum yield for thin films of rhenium(III) carboxylates indi-
cated a slow photochemical process, supporting the idea of that
some recombination must be occurring in the film. This is con-
sistent with the observation that the initial thin films showed a
clear XRD pattern, i.e. crystalline films. However, it appears that
the quantum yields increase with the increase in the number of
carbon atoms in the alkyl chain suggesting that fragmentation
products can escape the film and drive the reaction to completion.
The highest calculated quantum yield was obtained for thin films
of rhenium(III) 2-ethylhexanoate, the only precursor that did not
show a crystalline phase (@ =0.004). We believe that the amor-
phous nature of the thin films helps in the diffusion of the ligand
away from the intermediate and from the film, hence facilitat-
ing the decomposition of the starting material. In all the cases,
the photochemical reaction fit a first order exponential decay,
which is consistent with a one-photon process. It also ruled out
the occurrence of radical chain reactions that could speed up the
decomposition reaction. No intermediates were observed in the
FTIR supporting a single photon reaction. Mass spectra analysis
of the vapor phase above the films during photolysis indicated the
presence of a decarboxylation reaction (CO; and radical dispro-
portionation products). This evidence suggests that during the
photolysis the most probable product is rhenium metal, which
is later oxidized in air to an oxide. Based on the evidence from
FTIR and XRD, the formation of ReO3 is the most probable
oxide. However, from a thermodynamic point of view, Re;O7
(AHfO = —1273kJ mol~!) is the most stable oxide, followed by
ReO3 (AH; = —593kJ mol~"). During the oxidation in dry air,
the FTIR of the photolyzed film showed two peaks growing at
approximately 940 and 840 cm™!. Although the former band
was assigned to the v,(ReO3) and the later to v,(O-Re-0),
the presence of both absorption bands could also be assigned to
Re,O7. Interestingly, when left in air the bands coalescence into
a single sharp peak. As already stated, the band is reminiscent

of the one found in ReO3 films formed by direct sublimation of
ReO3 onto silicon, [9] and be due to the infrared active lattice
vibration of the ReO3 crystal. The observed FTIR frequencies
of ReO3; when compared with those of WO3 and Re,;O7 indi-
cated that the metal oxygen bond vibrations are essentially the
same as the insulating WO3 and Re;O7. So the FTIR evidence
is not conclusive to assume the formation of one rhenium oxide
in particular. However, the observation of a clear XRD pattern
in photolyzed thin films is more conclusive in the formation
of rhenium trioxide as main product of photolysis. Further evi-
dence comes from XRD studies of samples exposed to air for
longer period of time. Although ReOs is generally described as a
chemically stable compound in air at room temperature, a series
of XRD studies [21,22] have revealed that the crystal readily
reacts with water vapor to form a new phase, a cubic rhenium
oxide bronze, which is also denoted as HyReO3. The changes
observed in the XRD pattern for the photolyzed thin films are
consistent with the formation of a HyReOs (x=0.57) phase and
support the assumption of ReO3 being the initial product of
photolysis, product that later react with moisture to produce
H.ReO3 and HReO4, with the later being a liquid at room
temperature.

7. Conclusions

The photochemistry of rhenium(IIl) carboxylates was stud-
ied as thin films on silicon. The synthesized and characterized
rhenium(III) carboxylates showed mesomorphic behavior when
deposited as thin films on silicon dioxide. Close structural sim-
ilarities to other bimetal carboxylate complexes (like copper(Il)
carboxylates) were found. The rhenium(IIl) pentanoate and
longer chain carboxylates were found to form lamellar bilayer
structures on silicon dioxide by spin coating where planes of
rhenium(III) are separated by the carboxylates alkyl chains. The
interlayer separation was found to be proportional to the num-
ber of carbons in the alkyl chain, in close agreement with the
values of paraffinic bilayers. The photolysis of these complexes
led to the formation of ReO3. Because of the moisture sensi-
tivity and FTIR evidence, the photolysis in dry air yields thin
films consisting of rhenium trioxide, although some presence of
rhenium heptoxide could not be ruled out. The thin films pro-
duced reacted over time with moisture in the air to induce a
new phase consistent with the formation of a rhenium bronze
structure (HyReO3). Attempt to measure conductivity was not
conclusive, due to the powdery nature of the films some areas of
the film showed some conductivity but experiments were diffi-
cult to repeat consistently. However, approaches to deposit metal
oxides like the one described in this paper is promising as a
low temperature process for applications in thermal sensitive
devices. Also, thenium(III) carboxylates of longer alkyl chains
are good candidates for the synthesis of new types of rhenium
containing metallomesogens.
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