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bstract

Rhenium carboxylates of general formula Re2(O2CnH2n+1)Cl2 where n = 5–8, were studied as precursors for the photochemical deposition
f rhenium trioxide thin films. Solutions of the inorganic complexes were spin coated on p-type silicon(1 0 0) substrates and the solid-state
hotochemistry studied at room temperature. These compounds were deposited by spin coating onto silicon(1 0 0) forming crystalline thin films
ith lamellar, bilayers structures with planes of rhenium(III) coordinated to the carboxylate group as demonstrated by X-ray diffraction experiments.
he carboxylates complexes underwent a photochemical reaction, consistent with the decarboxylation of carboxylate ligand to generate CO2 and

he radical disproportionation products. The photolyzed films showed sensitivity towards atmospheric water, transforming into a rhenium bronze

tructure of the type HxReO3. Auger electron spectroscopy indicated that the final film is carbon free and composed only of Re and O. The same
ehavior was observed in all the rhenium carboxylates independent of the alkyl chain length. The 2-ethylhexanoate complex did form amorphous
hin films which also show the highest quantum yield (Φ = 0.004).

2007 Elsevier B.V. All rights reserved.
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. Introduction

Rhenium metal and its oxides have attracted interest for
pplications in a variety of areas, with the most common being
atalysis [1,2]. Lately, interest in metals and metal oxides has
ncreased in applications like gate electrodes and buffer layers
n electronic devices [3]. Buffer layers are required to reduce the
lectron-migration of the materials in integrated circuits under
lectrical bias. They have also being applied in superconducting
hin films, preventing the direct interaction of the superconduc-
or with the substrate materials [4]. ReO3 is a good candidate
s thin film for application as buffer layer because of its low
esistivity, thermal stability and good oxidation resistance [5].
ReO3 structure is the simplest framework structure for an
X3 compound [6]. Its structure is based on six coordinate

seudo-octahedral Re(VI) building blocks, with the octahe-
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ax: +1 780 641 1601.
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ral units connected in a corner-sharing fashion forming a 3D
etwork [7]. Rhenium trioxide is also attractive since it is a
onductor oxide [8] with the conductivity arising from partially
lled 4d states and the mixing of metal and oxygen atomic
rbitals.

Thin films of ReO3 have been deposited by methods like
moked evaporation of the metal oxide [9], RF magnetron
puttering, [5] and dc magnetron sputtering [10]. However, sput-
ering methods lack control over the oxidation process, often
orming Re2O7 as a by-product. Re2O7 can also vaporize due to
ts high vapor pressure at the conditions of deposition. Hence,
oom temperature fabrication would appear to be an optimal
pproach for the deposition of rhenium oxide thin films. We
ave being working on approaches to the deposition of metal
xide thin films involving the use of amorphous thin film from
n inorganic precursor, and later decomposed the complex using
ome energy source, like UV light [11]. The method relies in that
he light induces a photochemical reaction, which triggers the

ecomposition of the starting material.

In this paper we present our studies regarding the photoreac-
ivity of molecular dirhenium complexes with carboxylic acids
n silicon surfaces. The carboxylate complexes selected for this

mailto:juan-pablo.bravo-vasquez@nrc-cnrc.gc.ca
dx.doi.org/10.1016/j.jphotochem.2007.11.006
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tudy were the rhenium(III) carboxylates of general formula
e2(O2CnH2n−1)4Cl2, where n ranged between 5 and 7. This
omplexes showed interesting behavior when spin coated on
urfaces, self-assembling and forming highly organized layered
tructures. Solutions of rhenium carboxylate were spin coated
n silicon to form optical quality thin films and their photochem-
stry was studied at 254 nm wavelength. Our results show that
ll the complexes decomposed when exposed to the UV light
nd that rhenium trioxide is form upon photolysis. A secondary
eaction was observed on photolyzed thin films in which the
eO3 transform into a rhenium bronze (HxReO3) structure.

. Experimental

.1. Materials and instruments

All solvents and reagents were purchased from Aldrich and
sed without further purification unless specifically stated. The
-type Si(1 0 0) wafers used in this study were purchased from
acific Microelectronic Center, Canada. The wafers were cut to

he approximate dimensions of 10 mm by 15 mm in our labo-
atory. CaF2 discs were obtained from Wilmad Glass Co. Inc.,
TIR spectra were obtained using a Bomem–Michelson 120
TIR spectrometer. Electronic absorption spectra were obtained

n the range from 190 to 800 nm using a Hewlett Packard
P8452A photodiode array spectrophotometer. Auger electron

pectra were obtained using a PHI double pass cylindrical mirror
nalyzer (CMA) at 1 eV resolution. Films thickness was deter-
ined using a Leitz Laborlux 12MES optical microscope with a
ichelson interference attachment. The irradiation source was
254 nm low pressure Hg lamp from Orion, Co. Cut off filters

nd a water filter were used to remove unwanted wavelengths
nd thermal effects, respectively. X-ray diffraction spectra were
btained using a Phillips X-ray diffractometer operating at
5 KV and 45 A. The X-ray source was monochromatic Cu K�
1.54 A) line. The experiment resolution was 0.05◦.

.2. Synthesis of rhenium carboxylates

The synthesis of the acetate and pentanoate complexes was
erformed according to literature procedures [12]. A modifica-
ion of the published method was used in the synthesis of the
omplexes with 2-ethylhexanoic, hexanoic and heptanoic acid.
n this modification, the rhenium(III) acetate was suspended in
he minimum amount of the corresponding degassed carboxylic
cid and the mixture was heated. After a couple of minutes the
olution turns red once the acetate had dissolved. The solution
as then heated for 8 h under nitrogen. Addition of hexane and

ooling of the solution precipitated the corresponding carboxy-
ate product.

.3. Thin film deposition
Optical quality thin films of rhenium(III) carboxylates were
ormed on the substrates by spin coating. Chloroform solutions
f the respective rhenium(III) carboxylate (10% w/w) were fil-
ered through 0.25 �m to removed insoluble particulates prior
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o spin coating. The solution was then dispensed onto a silicon
hip and the substrate spanned at 300 rpm for 20 s.

.4. Calibration of absorption on surface

A stock solution of rhenium(III) pentanoate (0.0024 g) was
repared in CHCl3 (5 ml). A drop (3.3 �l) of this solution
as then deposited on the surface of a silicon chip using a
icrosyringe. The solvent was allowed to evaporate and the
TIR spectrum was obtained. The spectrum corresponds to a
oncentration of 2.4 × 10−9 mol cm−2 (area = 0.785 cm2). This
rocess was repeated several times and the calibration curve of
bsorbance versus concentration (mol cm−2) was constructed.
he slope of this graph corresponds to the infrared extinction
oefficient (εIR), which was found to be 1.16 × 106 mol−1 cm2.
he extinction coefficients for the other absorption bands were
btained relative to the absorption at 1460 cm−1. The same
rocedure was followed to determine the infrared extinction
oefficient of the absorption bands in the infrared of all the
ther complexes studied. The extinction coefficients at the wave-
ength of photolysis (254 nm) were obtained as follows: a sample
f rhenium(III) pentanoate was spin coated onto CaF2 optical
ats. Both FTIR and UV–vis spectra were obtained for the
ample. The ratio of the absorbance, AUV at 254 nm, to the
bsorbance, AIR at 1460 cm−1, was 6.182. This ratio was mul-
iplied by the extinction coefficient in the infrared, εIR, in units
f cm2 mol−1 yielding an extinction coefficient (εUV) at 254 nm
f 7.67 × 106 mol−1 cm2.

.5. Photolysis

All photolysis experiments were done in the same manner.
pin coating on the surface of a silicon chip formed a rhe-
ium(III) carboxylate thin film. The chip was clamped to the
ample holder inside a chamber. A dry atmosphere was kept
nside the chamber by flowing air that was previously dried
hrough Drierite and an acetone/dry ice trap. An FTIR spec-
rum was measured though CaF2 windows and then the film
as irradiated for 5 min with 254 nm light. As stated above,
ater filter was used to remove unwanted thermal effects. A

econd FTIR spectrum was then measured. This procedure was
epeated several times until complete reaction (no IR bands of
tarting material).

. Results

Optical quality thin films of rhenium(III) carboxylates were
ormed on the substrates by spin coating. This was accomplished
y the delivery of a chloroform solution of the complex onto a
pinning silicon chip. The solvent evaporates and a thin film
s formed on the substrate. Chloroform was chosen as solvent,
ecause it rendered the best quality thin films (compared to other

olvents tested such as dichloromethane, ketones, methanol,
tc.). Polar protic solvents like methanol deposited powdery
hin films. This can be explained by the dissociation of the
arboxylate complex when dissolved in alcohol.
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Table 1
FTIR spectroscopic data for the rhenium(III) complexes

Complexes Wavenumber , cm−1,
(εIR, mol−1 cm2)a

Assignment [23,24]

Re2(O2C5H9)4Cl2 1460 (1.00) δs(CH3)
1440 (0.73) νa(CO2)A2u

1418 (0.72) δs(CH3)
1296 (0.28) νs(CO2)Eu

Re2(O2C6H11)4Cl2 1458 (0.98) δs(CH3)
1437 (0.95) νa(CO2)A2u

1419 (0.98) δs(CH3)
1402 (0.33) δs(CH3)
1310 (0.12) νs(CO2)Eu

Re2(O2C7H13)4Cl2 1463 (0.67) δs(CH3)c

1441 (0.96) νa(CO2)A2u

1432 (0.72) δs(CH3)
1390 (0.40) δs(CH3)c

1321 (0.24) νs(CO2)Eu

Re2(O2C8H15)4Cl2 1462 (1.11) δs(CH3)c
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the π(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
(εUV, mol−1 cm2)

Assignment [25]

Re2(O2C5H9)4Cl2 216 (1.92)
276 (1.69) �(Cl) → �*(Re) (1A1g − 1Eu)

Re2(O2C6H11)4Cl2 214 (1.75)
274 (1.42) �(Cl) → �*(Re) (1A1g − 1Eu)
1424 (1.82) νa(CO2)A2u

1321 (0.78) νs(CO2)Eu

a Instrument uncertainty 0.05◦.

The thin films of rhenium(III) carboxylates were charac-
erized by transmission FTIR, UV–vis and X-ray diffraction
pectroscopies. Unless specifically stated, a silicon chip was
sed as the substrate. Oxide coated silicon was used in the X-
ay diffraction experiments and CaF2 optical flats were used for
V–vis spectroscopy studies.

.1. FTIR spectroscopy of rhenium(III) carboxylates

A thin film of rhenium(III) pentanoate deposited on
ilicon(1 0 0) was analyzed by FTIR (Table 1). Apparent
n the spectrum are five absorption bands in the range
460–1290 cm−1. Three of them dominate the spectrum and are
ue to the carbonyl and alkyl groups in the carboxylate ligand.
he antisymmetric (A2u) and symmetric (Eu) CO2 stretches are
ssigned to the absorption bands at 1440 and 1296 cm−1, respec-
ively. The difference between the antisymmetric and symmetric
tretches (�ν̄) has been used to distinguish the types of bonding
f carboxylates with metals. The �ν̄ value is known to decrease
n the order: unidentate > ionic > bridging > bidentate.

The �ν̄ = 144 cm−1 of rhenium(III) pentanoate agrees with
he value for a bridging carboxylate group. It is also consistent
ith the crystal structure of the acetato derivative [13]. There-

ore, this carboxylate bridge is a syn–syn type, which allows the
irect interaction of the two-rhenium atoms in the molecule.

The FTIR also shows two intense bands at 1460 and
418 cm−1. The alkyl chain of the carboxylate ligand is known
o have bands associated with the CH3/CH2 bending modes
t about 1400 cm−1. There is presumably a significant mixing
etween the vibrational modes of the antisymmetric CO2
tretch and the alkyl group deformation stretch which could
xplain the stronger than expected intensity in the alkyl group

bsorption band.

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

R

R
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ificantly from the rhenium(III) pentanoate data. In each
ase, one intense band and one weak band are found asso-
iated with the antisymmetric and symmetric modes of
he carboxylate group, respectively. In general, the sym-

etric stretch appears weaker in the spectra. Additional
and(s) associated with the alkyl group deformation are also
resent. As previously mentioned, an increase in the inten-
ity of the band was observed when going from C3 to
8.

.2. Electronic spectroscopy of rhenium(III) carboxylates

The solid-state electronic spectra of the rhenium(III) car-
oxylates were determined by UV–vis spectroscopy. Optical
uality thin films of rhenium(III) pentanoate and the other com-
lexes were spin coated on CaF2 optical flats.

The spectrum is dominated by two intense absorptions at
14 and 276 nm. The band at 276 nm was previously assigned
o the charge transfer transition �(Cl) → �*(Re) by Cotton
t al. They reported that the wavelength of the absorption
hanged remarkably when the halogen ligand is exchanged,
ut it was unaffected by changes in the carboxylate ligand.
he absorption at ∼214 nm can be assigned to intraligand elec-

ronic transitions of the carbonyl group. Carboxylate groups
end to show � → �* and n → � transitions in the region
90–210 nm, which should shift to longer wavelength upon
oordination.

In the visible region of the spectrum, bands at approximately
82 and 500 nm are expected for rhenium(III) carboxylates.
hese transitions were not observed in our solid-state spectrum.
hese expected absorptions are the electric-dipole forbid-
en but vibronically allowed �(Re) → �*(Re) (1A1g–3Eg) and
he electronically allowed �(Re) → �*(Re) (1A1g–1A2u) tran-
itions, respectively [14]. Although the later transition is
llowed, it is not sufficiently intense to be observed in these
lms.

The electronic absorption spectra for the complexes are sum-
arized in Table 2. The spectra of all the complexes show similar

eatures: intense charge transfer absorption at 274 ± 4 nm due to
e2(O2C7H13)4Cl2 214 (2.10)
278 (2.02) �(Cl) → �*(Re) (1A1g − 1Eu)

e2(O2C8H15)4Cl2 214 (2.28)
282 (2.37) �(Cl) → �*(Re) (1A1g − 1Eu)
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ig. 1. X-ray diffraction of thin film of rhenium(III) pentanoate on silicon oxide
afer.

.3. X-ray diffraction

Thin films of the rhenium(III) carboxylates deposited on
xide-coated silicon were investigated by X-ray diffraction. A
hin film of rhenium(III) pentanoate was mounted on a glass slide
nd the X-ray diffraction pattern was obtained using monochro-
atic Cu K� radiation (λ = 1.54 Å). The X-ray diffraction

attern of rhenium(III) pentanoate is presented in Fig. 1. The thin
lm of rhenium(III) pentanoate produced a well-defined X-ray
pectrum. The X-ray pattern contains a series of sharp equidis-
ant Bragg reflections, indicative of at least one-dimensional
rder in the film of rhenium(III) pentanoate. The pattern consists
f reflections at 2θ of approximately 8◦, 15◦ and 22◦. Indexing of
he X-ray diffraction pattern indicates that the observed reflec-
ions correspond to the successive (0 0 l) reflections planes of an
rdered system consistent with a lamella structure with a inter-
ayer spacing of 12 Å. A second family of reflections at 2θ of
.4◦, 8.9◦ and 15.3◦ is observed in some cases, corresponding
o a d spacing of approximately 20 Å. This is consistent with
atterns resulting from a tetragonal distortion of the alkyl chain
rrangement and it is dependent on the deposition conditions.

The remaining long chain complexes show similar X-ray
iffraction patterns. Films of rhenium(III) hexanoate and rhe-
ium(III) heptanoate show the diffraction peaks corresponding
o the (0 0 l) reflections,. Similarly to the rhenium pentanoate,
second family of reflections, significantly less intense than
he main reflection, is sometimes observed. The X-ray diffrac-
ion peaks for all the complexes are summarized in Table 3.
rom the XRD data, the interlayer spacing calculated for thin

able 3
-ray diffraction angles for rhenium(III) carboxylate on oxide coated silicon

omplexes 2θ valuea d spacingb

e2(O2C5H9)4Cl2 7.61 (100), 14.8 (27), 22.5 (5) 11.8
e2(O2C6H11)4Cl2 5.85 (100), 11.6 (34), 17.6 (13) 15.1
e2(O2C7H13)4Cl2 5.31 (100), 10.50 (29), 17.62 (11) 16.2
e2(O2C8H15)4Cl2

a Instrument uncertainty 0.05◦.
b Average value in Å.
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ig. 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
f photolysis are 0, 22, 35, 68, 84 and 156 min.

lms of rhenium(III) hexanoate and heptanoate are 15 and 16 Å,
espectively.

The 2-ethylhexanoate complex did not show any peaks in
he X-ray spectrum, indicative of the amorphous nature of the
recursor thin film. The presence of the side chain in the carboxy-
ate ligand may disturb the self-alignment of the carboxylate

olecules preventing the formation of a lamellar structure.

.4. Photolysis

A thin film of rhenium(III) pentanoate was placed in a
hotolysis chamber as previously described. Vibration bands
ue to the antisymmetric and symmetric carboxylate were
bserved at 1440 and 1296 cm−1, respectively. Vibration bands
rom the alkyl groups at 1460 and 1418 cm−1 were also evi-
ent. The sample was exposed to 254 nm light for 22 min
nd the FTIR was measured. Fig. 2 illustrates the spectral
hanges in the carboxylate region observed during the pho-
olysis of the film of rhenium(III) pentanoate. After 22 min of
hotolysis, the carboxylate bands at 1440 and 1296 cm−1 had

ecreased by approximately 50%. No new vibration bands in the
500–1200 cm−1 range were observed. In addition, the vibra-
ion bands at 1460 and 1418 cm−1, attributed to the CH2 group
n 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

Re2(O2C5H11)4Cl2 943 νas(ReO3)
845 νas(O–Re–O)

Re2(O2C6H13)4Cl2 939 νas(ReO3)
851 νas(O–Re–O)

Re2(O2C7H15)4Cl2 941 νas(ReO3)
845 νas(O–Re–O)

Re2(O2C8H17)4Cl2 941 νas(ReO3)
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(
approximately lattice parameter a = 4.72 and c = 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
847 νas(O–Re–O)

nstrument resolution ±4 cm−1.

he carboxylate ligand is lost upon photolysis. Careful exam-
nation of the 1000–800 cm−1 region in the FTIR showed the
rowth of two broad bands centered at 943 and 845 cm−1. These
bsorptions were assigned as the νas(ReO3) and νas(O–Re–O)
bsorptions, respectively and they agreed with published results
15]. A similar trend was observed when the reaction was moni-
ored longer times; with the absorption bands of the carboxylate
igands decreasing until no sign of remaining ligand could be
etected in the film. In the oxide region of the spectrum, the two
bsorptions from the oxide product were clearly evident.

After extensive photolysis, no evidence for absorption bands
ther than the oxide was found. The bands associated with the
tarting material, Re2(O2C5H9)4Cl2, were no longer observ-
ble. The other rhenium(III) carboxylates were also cast as thin
lms and exposed to 254 nm light at room temperature. In each
ase, the vibration bands in the range of 1500–1290 cm−1, corre-
ponding to the carboxylate ligands (symmetric, antisymmetric
nd alkyl deformation bands), decreased in intensity without
rowth of new bands in the indicated range. Also, the vibration
ands associated with rhenium oxygen bonds were observed to
row in the range of 950–840 cm−1. The FTIR absorption bands
ound in the films after photolysis are summarized in Table 4.
n all cases, the two absorption bands centered at approximately
40 and 840 cm−1 are the only absorption bands detected after
hotolysis. These absorptions were assigned as the νas(ReO3)
nd νas(O–Re–O) of rhenium oxide. After the sample has been
eft in the air for several hours, it was evident that the pho-
olyzed film suffers changes. The two bands originally observed
fter photolysis in dry air coalesce into a single sharp band cen-
ered at 902 ± 1 cm−1. This peak was found in all the samples
fter photolysis and exposed to ambient air. The peak is strongly
esembling of the FTIR of evaporated ReO3 on silicon described
y Ishii et al. [9].

. Mass spectroscopy of the volatile organic
hotoproducts

Mass spectroscopy was used to identify the volatile products
rom the photolysis of the rhenium(III) carboxylates. A thin film
f rhenium(III) pentanoate was placed inside a sealed quartz

ell and photolyzed for 3 h. After exposure, the chamber was
onnected to a mass spectrometer for analysis of the gaseous
roducts. The spectrum showed the signals consistent with the
ragmentation of the starting material. The highest intensity

F
s

y and Photobiology A: Chemistry 196 (2008) 1–9 5

eaks observed correspond to CO2 (m/z of 44) and H2O (m/z of
8). For m/z higher than 44, the spectrum showed two families of
eaks at 27, 41, 56 and 29, 43, 58. These families are consistent
ith fragmentation patterns due to C4H8 and C4H10, respec-

ively. Thus, the mass spectrum is consistent with products from
decarboxylation reaction of the pentanoate ligand. After pho-

on absorption, the carboxylate group will lose CO2, (detected in
he MS) and produce an alkyl radical fragment, [C4H9]

•
. Later,

his radical can disproportionate to yield C4H10(m/z = 58) and
4H8(m/z = 56), both molecular ions detected in the MS, by
ydrogen abstraction. Similar results were obtained from the
hotolysis experiment of the other carboxylate complexes on sil-
con. For example, the mass spectrum obtained from a sample of
-ethylhexanoate complex showed a fragmentation peak at m/z
f 44 and two other sets of peak families. The first set was found
t m/z 41, 56, 69 and 98. These peaks are consistent with the frag-
entation pattern of 3-heptene (C7H14). The second family of

eaks was found at m/z values of 43, 57, 71 and 100. This pattern
s consistent with heptane (C7H16). Again, these products, hep-
ane and 3-heptene, can be formed from the disproportionation
eaction of the decarboxylation product, [C7H15]

•
, of the 2-

thylhexanoate ligand. Therefore, mass spectrometry indicates
hat the major volatile products of the photolysis of rhenium(III)
arboxylate complexes are the products of the decarboxylation
f the carboxylate ligands, CO2 and radical disproportionation
roducts.

.1. X-ray diffraction of photolyzed thin films

Samples of photolyzed thin films of rhenium(III) pentanoate
ere analyzed by powder X-ray diffraction (Fig. 3). After pho-

olysis, the X-ray spectrum showed three reflections at 16.4◦,
5.4◦ and 51.3◦. These reflections are consistent with the (1 1 0),
2 1 0) and the (3 3 0) planes of a hexagonal ReO3 phase with
ig. 3. XRD spectra of rhenium(III) pentanoate deposited on oxide coated
ilicon, (a) before and (b) after 40 h of photolysis.
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Table 5
X-ray diffraction data for the photolyzed thin films of rhenium(III) carboxylates and ReO3 and HxReO3 literaturea

Complex 2θ angle (◦) hkl index 2θ ReO3 (◦) 2θ HxReO3 (◦)

Re2(O2C5H9)4Cl2 16.43 110 16.56 16.36
25.52 210 25.5 25.45
51.30 330 51.07 50.90

Re2(O2C6H11)4Cl2 16.53 110 16.56 16.36
25.46 210 25.5 25.45
56.25 006 56.78 56.82

Re2(O2C7H13)4Cl2 16.70 110 16.56 16.36
210
006
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25.33
56.30

a Time: 70 h in air.

howed the appearance of more reflections at 2θ angles of 16.8◦
1 1 0), 25.7◦ (1 2 1), 30.7◦ (2 0 0), 33.8◦(2 1 1), 41.8◦(2 4 0),
7.1◦ (1 6 1) and 51.4◦ (1 7 0). These changes in the X-ray
iffraction pattern of ReO3 when left in air are consistent with
revious reports that indicated the formation of a rhenium bronze
HxReO3) [17]. The Bragg diffractions for a polycrystalline sam-
le of HxReO3 had been reported at approximate 2θ angles of
6.4◦, 25.45◦, 27.7◦, 30.2◦, 34.8◦, 41.1◦ and 50.9◦. This behav-
or of ReO3 can be explained by the reactivity of ReO3 towards
ater vapor and can be represented by the following chemical

quation:

1 + x)ReO3 + xH2O → HxReO3 + HReO4 (1)

The oxide films produced from the other rhenium(III)
arboxylates also showed a similar behavior. After 40 h of
hotolysis, the initial peaks had disappeared and three other
iffraction peaks grew in intensity. All the other photolyzed
hin films made of rhenium(III) carboxylates only showed two
iffraction peaks at 2θ angles of approximately 16◦ and 25◦ in
heir X-ray pattern and a third one at ∼50◦ later in the photoly-
is. The final Bragg reflections for the photolyzed thin films are
ummarized in Table 5.
Photolyzed thin films of rhenium(III) 2-ethylhexanoate
howed only a single diffuse Bragg reflection centered at a 2θ

ngle of approximately 20◦. This indicates that the thin film
efore and after photolysis is amorphous.

e
p
t
w

able 6
ES analysis of photolyzed films of rhenium(III) carboxylates

omplexes Sputter time (s) %Rea

e2(O2C5H9)4Cl2 0 20(±4.0)
10 34(±6.8)
20 49(±9.8)

e2(O2C6H11)4Cl2 0 26(±5.2)
10 42(±8.4)
20 47(±9.4)

e2(O2C7H13)4Cl2 0 18(±3.6)
10 46(±9.2)
20 39(±7.8)

e2(O2C8H15)4Cl2 0 19(±3.8)
10 43(±8.6)
20 48(±9.6)

a Error approximately 20 at%
b Concentration below detection limit.
25.5 25.45
56.78 56.82

.2. Surface analysis of photolyzed thin films

Surface analysis of the photolyzed thin films was performed
y Auger electron spectroscopy (AES). A photolyzed thin film
f rhenium(III) pentanoate was transferred to the Ultra high
acuum (UHV) chamber of the Auger microprobe. The Auger
lectron spectrum was obtained at 3 keV acceleration voltage
nd 1.7 mA current. The spectrum showed the presence of rhe-
ium (20%) and oxygen (54%) as the main components on the
urface of the silicon chip, together with some carbon (20%). To
lucidate the bulk composition of the films, a depth profile study
as performed. This experiment consists in the sputtering of the
lm, to remove material from the surface using high-energy Ar+

ons. After 10 s of sputtering, the carbon contamination drops
elow the Auger microprobe detection limit. The presence of
arbon on the surface of films is commonly observed in this type
f experiment and it is due to atmospheric hydrocarbon contami-
ation, like CO2 and low molecular weight hydrocarbons, of the
urface. The AES spectrum shows the peak corresponding to Si
t ∼90 keV. The peak is consistent with the observation of voids
n the final photolyzed film. Because of the closeness of the main
ES peaks for rhenium and chlorine, it is difficult to assign peaks

n the region 160–180 keV (Re = 176 keV; Cl = 181 keV). How-

ver, the shape of the Auger peak can be used as an identification
arameter. The Cl peak is always a sharp single peak. In contrast,
he rhenium peak is broad and consists of three spikes, which
as the case of our films. The observed peak for rhenium cor-

%Oa %Ca O/Re ratio

54(±11) 26(±5.2) 2.7
66(±13) b 1.94
51(±10) b 1.04
52(±10) 22(±4.4) 2.0
58(±12) b 1.4
53(±11) b 1.1
56(±11) 26(±5.2) 3.1
54(±11) b 1.2
61(±12) b 1.56
49(±9.8) 32(±6.4) 2.6
57(±11) b 1.33
52(±10) b 1.1
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Table 7
Calculated quantum yields for the decomposition of rhenium(III) carboxylates

Complexes I0 (mol cm−2 s) εUV (cm2 mol−1) Φdry
a Φambient

a

Re2(O2C5H9)4Cl2 1.95 × 10−9 7.67 × 106 (5.3 ± 1.2) × 10−4 (4.7 ± 0.4) × 10−4

Re2(O2C6H11)4Cl2 6.04 × 10−9 4.52 × 106 (7.5 ± 1.4) × 10−4 (7.7 ± 1.3) × 10−4

Re2(O2C7H13)4Cl2 1.95 × 10−9 7.37 × 106 (7.2 ± 0.9) × 10−4 (8.4 ± 0.05) × 10−4
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e2(O2C8H15)4Cl2 1.95 × 10−9 6.79 × 1

a Error based in exponential decay fitting.

esponds to a kinetic energy of 176 keV. Similar analyses were
erformed on thin films produced from the other rhenium(III)
arboxylates. The surface of the photolyzed films showed the
resence of rhenium, oxygen and carbon as surface elements.
fter approximately 20 s of sputtering, the carbon signal disap-
eared; only the peaks attributed to rhenium and oxygen were
ound. The Auger results are summarized in Table 6.

These results are consistent with the formation of rhenium
xide thin film after photolysis. All the photolyzed thin films
ollowed the same trend and yielded thin films with an aver-
ge atom composition of 42% Re and 58% O. The low ratio of
xygen to metal composition is a consequence of the sputter-
ng experiment. The rate of sputtering depends on the atomic

ass of the element. Oxygen is removed at a higher rate than
he metal so the relative decrease of the oxygen in the bulk film
s expected.

A simple X-ray photoelectron spectroscopy (XPS) was run to
nalyze a photolyzed thin film of rhenium(III) pentanoate. The
inding energy value for the f7/2 orbital is found at 47.4 eV (C
s corrected) consistent with the presence of Re(VI). Broclawic
t al. [7]. reported the binding energy of rhenium trioxide at
6.8 eV, indicating the presence of Re(VI) in the final film. These
PS results are consistent with the formation of ReO3 on the
nal film.

. Quantum yields

As previously described, irradiation of a thin film of rhe-
ium(III) carboxylate led to the loss of the absorption bands
ssociated with the starting material. Quantum yields were
alculated to determine the efficiency of the photochemical reac-
ion. The following equation was derived to describe the amount
f photoreaction as function of photolysis time

t = A0e[−(2.303εI0Φ+κT )t] (2)

In this equation, ε is the extinction coefficient (mol−1 cm2)
t 254 nm, I0 is the light intensity (Einstein s), Φ is the quantum
ield of the reaction, κ is the thermal decomposition rate constant
K s−1) and T is the absolute temperature [18]. The quantum
ields are calculated based on the decomposition reaction of the
tarting material.

A thin film of rhenium(III) pentanoate was formed on

i(1 0 0). The sample was irradiated with 254 nm light and the
ecay of the complex vibration bands over time was followed by
TIR. The absorbance intensity at 1440 cm−1 versus photolysis

ime was used to calculate the extinction coefficient.

a
2
r
t

(4.6 ± 0.4) × 10−3 (3.1 ± 0.40) × 10−3

In order to account for any effect of thermal heating of the
ample during photolysis, the sample was exposed with the same
ource but with the lamp directed at the back side of the silicon
i.e. the non-coated face). Because of the high thermal conduc-
ivity and thickness (∼300 �m) of the silicon chip used, the
emperature gradient between the front and back of the sub-
trate is assumed to be minor. Any changes in the FTIR spectrum
an therefore be attributed to thermal decomposition and not to
hotodecomposition. This experiment showed that no changes
ccur in the FTIR during a similar exposure time. Therefore, the
hermal coefficient in Eq. (1) can be omitted, obtaining Eq. (2).

t = A0e[−(2.303εI0Φ)t] (3)

The intensity of the incident 254 nm light was
.95 × 10−9 E s−1 cm−2 and the extinction coefficient,
254, was 7.67 × 106 mol−1 cm2. The quantum yields for the
hotodecomposition with 254-nm light, Φ254, were 0.00053
±1.2 × 10−4) and 0.00047 (±4 × 10−5) for dry air and
mbient air experiments, respectively.

All other complexes were studied in the same manner. The
hotolysis was monitored by FTIR and the absorption bands
ue to the ligands were observed to decay over time. Plots of
bsorbance at 1436 (±9) cm−1 versus photolysis time were fit to
first order exponential decay. The experiments were repeated

or all the other complexes studied when photolyzed in ambient
ir. The calculated quantum yields for decomposition in dry and
mbient air with 254 nm light are summarized in Table 7. The
alculated quantum yields are consistent with the reaction being
one-photon process and did not change when the photolysis is
erformed in either dry or normal air.

. Discussion

A family of carboxylate complexes of rhenium(III) was stud-
ed on silicon surfaces. The original synthesis involved reacting
etrabutylammonium octachlorodirhenate with a mixture of the
orresponding carboxylic acid and carboxylate anhydride. This
pproach failed in producing n-alkyl carboxylates with linear
lkyl chain longer than 5 atoms because of the high tem-
erature needed to activate the reaction usually higher than
he decomposition temperature of the product. The alterna-
ive synthesis consisted in refluxing the rhenium(III) acetate
ith the minimum volume of the deoxygenated carboxylic
cid, the rhenium(III) pentanoate, hexanoate, heptanoate and
-ethylhexanoate were synthesized in this way. This approach
educed the refluxing times and increased the yields of the reac-
ion. In addition, the compounds could be isolated by simply
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ooling down the solution obtaining them highly pure. When
he rhenium(III) carboxylates were spin coated on oxide coated
ilicon, the X-ray diffraction pattern (recorded at room tempera-
ure) exhibited a series of sharp reflections with reciprocal lattice
pacing in the ratios 1:2:3, indicating that the complexes adopt
lamellar structure on the surface of the silicon substrate. The
iffraction patterns were consistent with those obtained for cop-
er(II) alkanoates [19] and praseodymium(III) alkanoates [20].
he lamellar structure of the rhenium(III) carboxylates can be
escribed as a layered structured comprised of the polar cores
Cl–Re–Re–Cl) separated by two layers of paraffinic chains.
rom the X-ray data, the interlayer separations were calculated
nd an increase in interlayer separation of 2.5 Å, equivalent to
wo carbon atoms, was found. This value compares reasonably
ell with the value of 2.54 Å found for normal paraffin in the

rystalline state. It also indicates that, in the rhenium(III) car-
oxylate thin film, the average direction of the chains lies at an
ngle of about 10◦ with respect to the perpendicular to the layers.

As already outlined, fabrication of metal oxides thin films by
ow temperature process is highly desirable. In this approach,
sing UV light make the process even more attractive because
f the potential to be applied in energy sensitive process like
he ones found in electronic industry. The calculated values of
uantum yield for thin films of rhenium(III) carboxylates indi-
ated a slow photochemical process, supporting the idea of that
ome recombination must be occurring in the film. This is con-
istent with the observation that the initial thin films showed a
lear XRD pattern, i.e. crystalline films. However, it appears that
he quantum yields increase with the increase in the number of
arbon atoms in the alkyl chain suggesting that fragmentation
roducts can escape the film and drive the reaction to completion.
he highest calculated quantum yield was obtained for thin films
f rhenium(III) 2-ethylhexanoate, the only precursor that did not
how a crystalline phase (Φ = 0.004). We believe that the amor-
hous nature of the thin films helps in the diffusion of the ligand
way from the intermediate and from the film, hence facilitat-
ng the decomposition of the starting material. In all the cases,
he photochemical reaction fit a first order exponential decay,
hich is consistent with a one-photon process. It also ruled out

he occurrence of radical chain reactions that could speed up the
ecomposition reaction. No intermediates were observed in the
TIR supporting a single photon reaction. Mass spectra analysis
f the vapor phase above the films during photolysis indicated the
resence of a decarboxylation reaction (CO2 and radical dispro-
ortionation products). This evidence suggests that during the
hotolysis the most probable product is rhenium metal, which
s later oxidized in air to an oxide. Based on the evidence from
TIR and XRD, the formation of ReO3 is the most probable
xide. However, from a thermodynamic point of view, Re2O7
�H

◦
f = −1273 kJ mol−1) is the most stable oxide, followed by

eO3 (�H
◦
f = −593 kJ mol−1). During the oxidation in dry air,

he FTIR of the photolyzed film showed two peaks growing at
pproximately 940 and 840 cm−1. Although the former band

as assigned to the νas(ReO3) and the later to νas(O–Re–O),

he presence of both absorption bands could also be assigned to
e2O7. Interestingly, when left in air the bands coalescence into
single sharp peak. As already stated, the band is reminiscent

A

E

y and Photobiology A: Chemistry 196 (2008) 1–9

f the one found in ReO3 films formed by direct sublimation of
eO3 onto silicon, [9] and be due to the infrared active lattice
ibration of the ReO3 crystal. The observed FTIR frequencies
f ReO3 when compared with those of WO3 and Re2O7 indi-
ated that the metal oxygen bond vibrations are essentially the
ame as the insulating WO3 and Re2O7. So the FTIR evidence
s not conclusive to assume the formation of one rhenium oxide
n particular. However, the observation of a clear XRD pattern
n photolyzed thin films is more conclusive in the formation
f rhenium trioxide as main product of photolysis. Further evi-
ence comes from XRD studies of samples exposed to air for
onger period of time. Although ReO3 is generally described as a
hemically stable compound in air at room temperature, a series
f XRD studies [21,22] have revealed that the crystal readily
eacts with water vapor to form a new phase, a cubic rhenium
xide bronze, which is also denoted as HxReO3. The changes
bserved in the XRD pattern for the photolyzed thin films are
onsistent with the formation of a HxReO3 (x = 0.57) phase and
upport the assumption of ReO3 being the initial product of
hotolysis, product that later react with moisture to produce
xReO3 and HReO4, with the later being a liquid at room

emperature.

. Conclusions

The photochemistry of rhenium(III) carboxylates was stud-
ed as thin films on silicon. The synthesized and characterized
henium(III) carboxylates showed mesomorphic behavior when
eposited as thin films on silicon dioxide. Close structural sim-
larities to other bimetal carboxylate complexes (like copper(II)
arboxylates) were found. The rhenium(III) pentanoate and
onger chain carboxylates were found to form lamellar bilayer
tructures on silicon dioxide by spin coating where planes of
henium(III) are separated by the carboxylates alkyl chains. The
nterlayer separation was found to be proportional to the num-
er of carbons in the alkyl chain, in close agreement with the
alues of paraffinic bilayers. The photolysis of these complexes
ed to the formation of ReO3. Because of the moisture sensi-
ivity and FTIR evidence, the photolysis in dry air yields thin
lms consisting of rhenium trioxide, although some presence of
henium heptoxide could not be ruled out. The thin films pro-
uced reacted over time with moisture in the air to induce a
ew phase consistent with the formation of a rhenium bronze
tructure (HxReO3). Attempt to measure conductivity was not
onclusive, due to the powdery nature of the films some areas of
he film showed some conductivity but experiments were diffi-
ult to repeat consistently. However, approaches to deposit metal
xides like the one described in this paper is promising as a
ow temperature process for applications in thermal sensitive
evices. Also, rhenium(III) carboxylates of longer alkyl chains
re good candidates for the synthesis of new types of rhenium
ontaining metallomesogens.
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