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Precursor Structure of Chemically Modified Aluminum-tri-sec-Butoxide
in Diethylene Glycol and Ethylene Glycol Monoethyl Ether
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Precursor structure of chemically modified Al(O-sec-Bu); with ethyl acetoacetate or diethanolamine, dis-
solved in diethylene glycol (DEG), ethylene glycol monoethyl ether (EGE), and sec-butyl alcohol (sec-
BuOH), was investigated using 2?A1 NMR. 27A1 NMR spectra revealed that the reaction of DEG or EGE with
Al(O-sec-Bu); led to the formation of six-coordinated structural units. The precursor structure of Al(O-sec-
Bu); modified with ethyl acetoacetate in EGE, which consisted of six- and five-coordinated structural units,
was almost the same as that in DEG, but different from that in sec-BuOH, where four-coordinated structural
units were also observed. In Al(O-sec-Bu); modified with diethanolamine, five- and six-coordinated struc-
tural units were present in all the solvents used in this study and the effect of solvents on the coordination

state was very small.

[Received November 17, 1999; Accepted January 18, 2000]

Key-words : Structure of precursor, Chemical modification, 27Al NMR, Solvent

1. Introduction

Chemical modification of metal alkoxides with chelating
agents like B-diketones and alkanolamines is known to be
effective for the control of reactivities and condensation
process of active metal alkoxides, such as Al-, Zr- and
Ti-alkoxides.V-5 These alkoxide precursors can be used for
the synthesis of organic-inorganic hybrid gels,? the fine
patterning of oxide thin films by photolysis,45 or multi-
component oxides.® The structure of modified metal
alkoxides affects the character and structure of bulk gels or
gel films formed by the sol-gel process, and thus many
studies have been carried out on the precursor structure.
For example, the structure of chemically modified Al-
alkoxides has been studied using IR and 27Al NMR
spectroscopies.V:3.7-10) We have already reported the
precursor structure of aluminum-#7i-sec-butoxide (AI(O-
sec-Bu)s) dissolved in diacetone alcohol,’V Al(O-sec-Bu)s
modified with different amounts of ethyl acetoacetate
(EAcAc),'»  and  Al(O-sec-Bu);  modified  with
alkanolamines.!3

Diethylene glycol (HOC,H,OC,H,OH, DEG) has two
hydroxyl groups and oxygen atom in the ether group, and
has complexing ability. The structure of DEG is similar to
diethanolamine (HOC,H,NHC,H,OH, DEA), which is one
of alkanolamines and is commonly used for chemical
modification of metal alkoxides.!-1® It is thus expected that
DEG has some contribution to the chemical modification
when it is used as a solvent. In fact, DEG has been used to
control hydrolysis and gelation process of active metal
alkoxides.!¥ When alkoxides or chemically modified ones
are dissolved in DEG, the coordination states of the
alkoxides may change through the coordination of DEG. In
the case of aluminum alkoxides, the coordination state
around Al atoms is easily observed by 27Al NMR.10-13) Tt is
thus valuable to investigate the coordination state of Al-
alkoxides and chemically modified ones dissolved in DEG to
understand the contribution of DEG to the chemical
modification. In addition to DEG, ethylene glycol
monoethyl ether (C,H;0C,H,OH, EGE) was also used as a
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solvent in this study, since EGE has similar structure to
DEG, in which it has only one hydroxy group.

In this study, the coordination states of chemically
modified Al(O-sec-Bu); with EAcAc or DEA, dissolved in
DEG or EGE were investigated using high magnetic field
(11.7 T) 2"A1 NMR spectroscopy, where the line width of
peaks is sharpened. EAcAc was used as a typical S-diketone
and bidentate chelating agent, and DEA as a typical
alkanolamine and tridentate chelating agent. The coordi-
nation states of Al(O-sec-Bu); in these solvents were also
examined. In addition, 27Al NMR spectra of Al(O-sec-Bu);
itself and modified one dissolved in sec-butyl alcohol (sec-
BuOH) was measured!2) 13 to clarify the effect of DEG and
EGE on the coordination states. From these spectra, the
structure of the Al-alkoxide in DEG and EGE, and the
contribution of these solvents to the chemical modification
are discussed.

2. Experimental

27TA1 NMR spectra were measured at 130.3 MHz (11.7
T) using a JEOL JNM-GX500 spectrometer with pulse
width of 14 us and delay time of 1 s between pulses, at room
temperature (around 25°C). Deuterated chloroform,
CDCl;, was used as a solvent for the measurement and the
concentration of samples was about 5-10 mass%. The so-
lution of 0.2 mol-dm—3 AICl; in D,O was used as an exter-
nal standard.

3. Results

Figure 1 shows the 27A]1 NMR spectra of (a) Al(O-sec-
Bu); itself, and Al(O-sec-Bu); dissolved (b) in sec-BuOH,
(¢) in DEG and (d) in EGE. In the 27Al NMR spectra, the
peaks at 0-10, 30-40, 60-70 ppm are assigned to the six-,
five- and four-coordinated Al atoms, respectively.!V) In the
27A1 spectrum of Al(O-sec-Bu) 5 and Al(O-sec-Bu) 5 dissolved
in sec-BuOH, Figs. 1(a) and (b), the peaks due to four-,
five- and six-coordinated structural units are observed as
reported in our previous paper.'? In Fig. 1(c) in DEG, a
strong peak at 5 ppm, which is assigned to the six-coordi-
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Fig. 1. 2"A1NMR spectra of (a) Al(O-sec-Bu)s; itself, and Al(O-
sec-Bu) 3 dissolved (b) in sec-BuOH , (¢) in DEG and (d) in EGE.
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Fig. 2. 2"A1 NMR spectra of Al(O-sec-Bu); modified with EAcAc
(EAcAc/Al(O-sec-Bu);=1) dissolved in (a) sec-BuOH, (b) DEG
and (c) EGE.

nated Al atoms, appears and a broad peak at around 65 ppm
is also observed. The spectrum in EGE shows almost the
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Fig. 3. 27AINMR spectra of Al(O-sec-Bu); modified with DEA
(DEA/A1(O-sec-Bu);=1) dissolved in (a) sec-BuOH, (b) DEG and
(c) EGE.

same spectrum as in DEG, but a peak at around 35 ppm,
which is due to five-coordinated structural units, is ob-
served only as a shoulder.

Figure 2 shows the 27Al NMR spectra of Al(O-sec-Bu);
modified with EAcAc (EAcAc/Al(O-sec-Bu);=1) dis-
solved in (a) sec-BuOH, (b) DEG and (c) EGE. As
reported previously,!? in the spectrum of Al(O-sec-Bu)s
modified with EAcAc in sec-BuOH, peaks due to the four-,
five- and six-coordinated structural units are observed. The
spectra in DEG and EGE show the sharp peak due to six-
coordinated structural units and a broad peak due to five-
coordinated structural units at around 35 ppm, and a peak
due to four-coordinated structural units is observed only as
a shoulder.

Figure 3 shows the 27A1 NMR spectra of Al(O-sec-Bu),
modified with DEA (DEA/A1(O-sec-Bu);=1) dissolved in
(a) sec-BuOH, (b) DEG, and (c) EGE. In the spectrum (a),
two broad peaks at around 56 and 26 ppm are observed, as
reported previously.!® In the spectrum (b) for DEG, a
strong peak at 25 ppm and a broad and weak peak at around
55 ppm are observed. The spectrum (c) for EGE is very
similar to that for sec-BuOH, Fig. 3(a).

4. Discussion

It is known that the Al-alkoxides are present in a solution
as oligomeric species and the structure of the species de-
pends on the size of alkoxy groups and the concentration of
the alkoxide.’® As already reported,'? the linear trimer
composed of five-coordinated Al atoms between two four-
coordinated Al atoms (Fig. 4(a)) is assumed to be present
as a major species in the solution of Figs. 1(a) and (b).

As shown in Fig. 1(c) for the spectrum of Al(O-sec-
Bu); dissolved in DEG, a peak with strong intensity at
around 5 ppm was observed. This means that the substitu-
tion for DEG with sec-butoxy groups in Al(O-sec-Bu); leads
to the formation of six-coordinated structural units. In the
spectrum Fig. 1(d) for EGE, the intensity of the peak at
around 5 ppm was also increased, indicating that the reac-
tion of EGE with Al(O-sec-Bu); leads to the formation of
six-coordinated structural units. Since EGE has only one
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Fig. 4. Structural model of (a) Al(O-sec-Bu); itself and Al(O-sec-Bu); chemically modified with (b) EAcAc and (c) DEA.

-OH group in the molecule, the formation of the six-coor-
dinated structural units is due to coordination of oxygen
atom in the ether group. From the similarity of the
molecular structure between DEG and EGE, Al atoms are
also supposed to be coordinated by the oxygen atom in the
ether group in DEG.

It is reported that Al(O-sec-Bu) 3 modified with EAcAc in
sec-BuOH (EAcAc/Al1(O-sec-Bu);=1) is mainly present as
a linear trimer, which contains two six-coordinated Al
atoms, one being coordinated by two EAcAc and the other
being coordinated by one EAcAc, and one four-coordinated
Al atom which is not coordinated by EAcAc,'? as shown in
Fig. 4(b). In this precursor, the coordination state of the
structural unit without EAcAc is assumed to be strongly
affected by solvents. In the case of sec-BuOH (Fig. 2(a)),
the four-coordinated Al atoms are surrounded by sec-butoxy
groups. In the spectrum Fig. 2(b) in DEG and (c¢) in EGE,
the peak due to four-coordinated structural units was not
observed, because the substitution of butoxy groups with
DEG or EGE leads to the formation of six-coordinated
structural units, as shown in Fig. 1. Thus, six-coordinated
structural units, observed in Figs. 2(b) and (c), consist of
two types of structural units, one being coordinated by
EAcAc and the other one not being coordinated by EAcAc
but by DEG or EGE. It should be noted that five-coordi-
nated structural units were clearly observed in the spec-
trum Figs. 2(b) in DEG and (c¢) in EGE. These five-coor-
dinated structural units are assumed to be formed by the
substitution of one alkoxy group of four-coordinated struc-
tural units in Al(O-sec-Bu); modified with EAcAc!? or in
Al(O-sec-Bu) itself. The appearance of five-coordinated
structural units indicates that four-coordinated structural
units are more sensitive to structural changes due to sol-
vents and to the reaction with EAcAc than the five-coordi-
nated ones.

As previously reported, the peaks at 56 and 25 ppm in
Fig. 3 are assigned to the five- and six-coordinated struc-
tural units, in which Al atoms are coordinated by four or
five oxygen atoms and one nitrogen atom;!® the coordina-
tion of one nitrogen atom instead of oxygen atom causes the
peak shift of about 20 ppm towards lower magnetic field. In
the case of DEA/AI(O-sec-Bu);=1, each Al atom in the
precursors is assumed to be coordinated by one DEA
molecule,'® as shown in Fig. 4(c). From this structural

model, the effect of solvents on the coordination state of
structural units is assumed to be very small. The result that
the spectrum for EGE (Fig. 3(c)) was very similar to that
in sec-BuOH (Fig. 3(a)) is consistent with this assumption.
However, in Fig. 3(b) in DEG, the relative intensity of the
peak at around 56 ppm was weaker than that of Fig. 3(a) in
sec-BuOH and (c) in EGE, due to the broadening of this
peak. This shows that the complexing ability of DEG is
stronger than that of EGE, and DEG substitutes the sec-
butoxy group in Al(O-sec-Bu)s;. Substitution of sec-butoxy
group in Al(O-sec-Bu); with DEG, which has two or three
coordination sites, must result in decreasing the symmetry
of the structural units, and the peak becomes very broad.

5. Conclusion

2TAI NMR spectra revealed that the reaction of DEG or
EGE with Al(O-sec-Bu) 5 led to the formation of six-coordi-
nated structural units. It was indicated that the formation of
the six-coordinated structural units was due to the coordi-
nation of oxygen atom in the ether group in DEG or EGE.
Four-coordinated structural units were not observed in
Al(O-sec-Bu) 3 modified with EAcAc in EGE or DEG, and
two types of six-coordinated structural units, one being
coordinated by EAcAc and the other one being not coordi-
nated by EAcAc but by DEG or EGE, were observed. The
effect of solvent on the coordination state of structural units
modified with DEA was very small. Substitution of sec-
butoxy group in Al(O-sec-Bu) ; modified with DEA for DEG
resulted in decreasing the symmetry of the structural units,
in which Al atoms were coordinated by four or five oxygen
atoms and one nitrogen atom, and the peak due to the
structural units became very broad.
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