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Esterification kinetics in titanium
iIsopropoxide-acetic acid solutions
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FTIR observation has been used to analyze the reaction between titanium isopropoxide and
acetic acid under a variety of conditions. Isopropyl acetate ester forms in these mixtures
and serves as an indicator of the extent of condensation between the titanium precursors.
Condensation occurs to a gradually increasing extent to form a broad spectrum of titanium
oxo-acetate polymers. The temperature dependence of the time to reach observable
precipitation in these solutions has also been mapped out. The activation energy for this
process was found to be 0.7 eV. The precipitation times have a direct bearing on how these
solutions can be used when making a wide variety of titanium containing sol-gel solutions.
© 2000 Kluwer Academic Publishers

1. Introduction precursor condensation reactions (and ultimately pre-
The sol-gel chemistry is an important method for pre-cipitation) in the solution. This is especially important
paring chemically homogenenous coatings and powwhen TIP-HOAc mixtures arbeatedin order to dis-
ders with a wide variety of useful applications, as evi-solve other precursor components (for example when
denced by the many conference and symposia devotagsing the “inverted mixing order” chemistry for making
to the topic [see for example references 1-9]. SolPZT [15]). Thus, the gradual generation of water by the
gel processes usually involve various metal alkoxidessterification reaction (during subsequent processing)
molecules that are hydrolyzed under controlled condican put restrictions on the time and temperature that
tions and then subsequently reacted to condense withnight be used for carrying out these reactions. On the
each other to form metal-oxygen-metal bridging units.other hand, it has been pointed out that the esterification
Titanium is a very important constituent of many reaction is an efficient method for introducing water
compositions that are attempted using the sol-gel promogeneouslinto a solution and therefore avoiding the
cess. It helps confer high refractive index when usedroblems associated with mixing irregularities [16, 17].
as an additive into optical glasses [10, 11]. It is also arfSince the water generation (and therefore the solution
important constituent for a wide variety of dielectric, hydrolysis) is a critical variable in sol-gel processing,
ferroelectric, and other electrically active compoundsit is important to understand how this varies with time
especially the perovskite titanates and their solid soand temperature.
lutions [12]. When trying to incorporate titanium into  Whether the esterification reaction is driven inten-
a sol-gel solution, it is common to use one of severationally or not, it is interesting to understand the extent
commercially available alkoxides and to reduce its reacto which TIP-HOAc mixtures react and the amount of
tivity by modifying it with some appropriate chemical water that might be generated in these processes. Thus,
modifier. One of these precursors, titanium isopropoxthe present work studies these reactions using FTIR to
ide (TIP), is the focus of the present study. Of the manydistinguish the characteristic€D peaks from the es-
available modifiers, acetic acid has been used in thter that is the by-product of the reaction. With careful
present work. Acetic acid (HOAC) is a popular modifier calibration, it has been possible to measure the kinetics
partly because it can easily dissolve a wide variety ofof the esterification reaction.
different precursor molecules, helping enable the cre-
ation of a multitude of multi-cation solutions [13-15].
However, these chemistries are sometimes touchy be&2. Background
cause the acetic acid can drive an esterification reactioAs a foundation for understanding the esterification be-
with any alcohol that is present, thus liberating waterhavior in general, it is important to examine the earlier
into the solution. stages of reactions between TIP and HOAc. These re-
The esterification reaction can present some poteractions can be described by three basic stages. Stage
tial problems for sol-gel routes because, if the reacone covers the ligand exchange and modification of the
tion is not controlled, the water liberated can causeTIP. Stage two covers the gradual esterification process
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during the time when all oligomers remain soluble. The
final stage is the precipitation and/or crystallization of
reaction products.

As stated above, it is well known that acetate group:
can replace isopropoxy groups, thus creating a solubl
species with much lower reactivity than the starting TIP
[13,17-19]. In fact, it has been shown that uptwm
acetate groups will be easily accepted in this exchang
process [18, 20, 21]. The liberated isopropoxy groups
enter solution as isopropanol according to this reaction//

Ti-Oi Pr+ HOAC <> i PrOH+Ti-OAc (1)

(Note that in this and subsequent reactions, only on
of the four titanium-bound ligands is shown to give a
schematic representation of the reaction.) If fewer than

two HOAc molecules are provided for this reaction Figure 1 Titanium oxo-bonded ring hexamer molecule found in 1:2
th th t | letel H ' TIP : HOAc solutions after aging. Open circles show positions of carbon
. en they reac (near y) comp e, ely away. Owgver’atoms in bridging bidentate acetate groups. Filled circles show positions
if more than two HOAc are provided t_O the solution, of bridging oxygen atoms. Figure adapted from reference [26].

then two are reacted away to form Ti@r)(OAc),

molecules, which stay in solution with a mixture of ) ) )
iPrOH and the remaining HOAc [21]. This modifica- CONtain any appreciable quantity of free water. Instead,
tion process is quite rapid and exothermic in nature. the extent of the ester formation will monitor the extent

The second stage of the process is the reaction of is@f condensation between the titanium molecules.
propoxy and acetate ligands to form ester in solution, !f reactions are carried out for long enough time
The simplest possibility is a direct esterification reac-(usually several days at room temperature), then pre-

tion between the isopropanol and acetic acid accordCipitation is observed in titanium alkoxide-acetic acid
ing to: mixtures [22, 24—28]. Depending on the level of HOAc

available in the starting solutions, then crystals of
i PrOH+ HOAC <> i PrOAc+ H, O 2) either TO4(0i Pr)lz(.OAC)4 or TigO4(Oi Prk(OAC)g
have been found. Fig. 1 shows a schematic represen-
petation of the second of these two molecules. In these
molecules there are six octahedrally-coordinated tita-
nium atoms and the ring is bound together with four
oxo bridges (indicated by the black circles in the dia-
gram). Of course, at early reaction times, the amount of
ester produced cannot provide for the formation of sig-
pificant quantities of these ring-structured molecules.
stead, it can be imagined that a wide variety of dif-
erent molecules exist, including dimers, trimers, and
chains of various length. Ultimately, these molecules
Ti-0i Pr+ Ti-OAC <> iPrOAC+ Ti-O-Ti  (3) can react to their most ste}ble endpoint (the hexam.er)
and when their concentration reaches supersaturation,
a_precipitation will occur.

The ability of the solution to reach the precipitation
oint (or conversely, the ability to prevent precipitation)
depends on the rate of the esterification reaction. A re-
cent NMR study has shown a nominal kinetic response
Ti-Oi Pr4+ HOAC <> | PrOAC+ Ti-OH 4) f_orthe ester p_roduction rate,_whereby the average quan-

tity of oxo-bridges per titanium atom was quantified

Ti-OAc + i PrOH< i PrOAc+ Ti-OH (5) [21]. It was found that after two days of reaction, the

oxo/Tiratio had reached a value of 0.47. Still, more than
These related reactions yield highly reactive Ti-OHhalf of these oxo-bridges had been formed in the first
groups that will rapidly condense to form Ti-O-Ti five hours of reaction, indicating considerable slowing
bridges. In all combinations, the production of the es-of the reaction with time. An earlier NMR study has
ter will ultimately create oxygen linkages between tita-also looked at the room temperature esterification ki-
nium atoms, even if only through the subsequent rapichetics at long times for low acetate modification levels
reaction of the water (as shown in Equation 2) or of(1:1and1:2), butdid not quantify the ester concentra-
hydroxyls (as shown in Reactions 4 and 5). No mattetions (or titanium condensation levels) found [25]. Most
which reaction pathway is fastest, there will be onlydata were gathered at times beyond 100 h and probably
one Ti-O-Ti bridge formed for every ester molecule covered only the later stages of ester formation.
formed. Because of the high reactivity of the titanium To date, no further details of the reaction kinetics
oligomers with water, it is unlikely that these solutions at early times in this system have been deduced. In

Water produced according to reaction (2) would
able to hydrolyze Ti-bound isopropyl groups leaving
terminal hydroxy groups which can condense form-
ing, Ti-O-Ti, oxo-bridges. However earlier experimen-
tal data suggest that some type of “transesterification
is more likely to occur [22, 23]. In this case, titanium

bonded isopropyl and acetate ligands can participate i
a condensation reaction, also yielding isopropyl acetat
as a byproduct:

This esterification reaction results in the direct form
tion of a Ti-O-Ti bridge. Related reactions can occur
between free acetic acid and bound isopropyl groups
free alcohol and bound acetate:
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addition, other variables of direct impact upon the es-of peak positions. Of course, because similar building
terification reaction have not been studied at all, includ-blocks are used in all of the molecules, there are many
ing composition and temperature dependences. Thusjmilarities in various parts of the spectra. After inten-
the present study focuses on acquiring a better undesive and careful analysis, the most useful quantifiable
standing of all aspects of the ester formation reactiorpeaks were identified. These peaks lie at around 1250
in various TIP-HOAc mixtures, up until the point when and 1735 cm. These intense peaks arise respectively
precipitation occurs. from the C—O—C and €0 stretching vibrations in the

ester molecule [30, 31]. The spectrum for acetic acid

also has peaks in these areas, however, the shapes and
3. Experimental procedure intensities are different than for the ester molecule. In

Fourier transform infra-red absorption (FTIR) mea-2addition, these acetate group vibrations were found to

surements have been made on a variety of TIP-HOAR® relatively unaffected when bonded with titanium.
solutions, covering different mixing ratios, reaction BOth of these peaks were used here for quantification

temperatures, and reaction times. In all cases the s&f the ester content of reacting solutions.
lution samples have been measured in a ZnSe atteny- Because of the known overlap between the ester and
ated total reflection (ATR) cell using a Brucker IES25 the free acetic acid, careful calibration solutions were
spectrometer. Titanium isopropoxide was pre-distillegPrepared and measured. The main series used equal vol-
before use, acetic acid was stored over molecular sievéiMmes ofisopropanol and acetic acid, withincreasing ad-
and all mixing, reactions, and storage were carried ouflitions of isopropyl-acetate ester. Fig. 3 shows the peak
under Ar gas. near 1735 cm!, measured for each of these samples.
In addition to the samples of direct interest, the FTIR The growth of intensity within the range 1720-1750
peak positions and intensities were calibrated using ¥/as used as a measure of the fraction of acetate groups
variety ofi PrOH-HOAcC mixtures, as well as solutions that had been converted to ester molecules. Fig. 4 shows
containing known, intentionally added, concentrationdh€ corresponding spectra in the region around the

. A 1 . . .
of isopropyl-acetate ester. Peak assignments and spet220 cnT~ peak. In this region, the growth of inten-
trum analysis are consistent with prior work [29-31]. Sity between 1200 and 1260 was used as a measure of

The calibration runs are described in detail as part othe ester contentin other solutions. Careful background

the results section below. After giving the basis for estefuPtraction and peak normalization was performed by
concentration measurement using FTIR, the data fror§Stablishing a baseline intensity on the sample with 0
TIP-HOAC reactions are given. Finally, the data areP&rcentester content and then subtracting this intensity
discussed and compared with previous understandingomthe'ntegrated intensity for other samples. Integra-

about ester formation and titanium oligomer condensalion limits were [1720,1750] and [1200,1260] cfy
tion in this system. respectively. A calibration relationship was established

based on the known samples described above. This cal-
ibration was then applied to the reacting samples by
measuring the corresponding baseline in the starting
solution and then subtracting this from the intensity in-
tegrated after a known reaction time.

" These calibrations were applied to a mixture of undi-

4. Results

Fig. 2 shows part of the FTIR spectra for four of the
important pure constituent chemicals. From top to bot
tom, the lines are for HOAG PrOH, isopropyl-acetate

chosen because the reaction was known to proceed far
enough that precipitation would occur shortly after one
hour of heating. Aliquots of solution were removed at
1: Acetic Acid regular intervals and placed into a refrigerator until the
2 Isopropanol continued heating of the remaining solution was com-
e pleted, then FTIR data acquisition was commenced im-
mediately. Fig. 5 shows the changes that occurred in the
1 key spectral region. In addition to the expected changes
that occurred near the 1250 and 1735 émanges,
2 there were other significant spectral evolution trends.
Because of the number of data lines incorporated in
Fig. 5, small arrows have been added to indicate these
trends in intensity with increasing reaction time.

New features have appeared which are not associated
P S S with the pure starting solutions shown in Fig. 2 above.
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 These are the tWO broad peaks around 1425 and 1575

Wavenumbers (cm-1) cm~1! that are associated with bidentate acetate groups
Figure 2 ATR-FTIR spectra from pure solutions of (from top to bottom) [30, 32, 33]. These.reSUIt from bldenta.te ace.tate groups
acetic acid, isopropyl alcohol, isopropyl acetate, and titanium isopropox-th‘ﬁ"-t have. replaced isopropoxy groupsin the first stage of
ide. The curves have been offset upwards by one or more units to facilitatth€ reaction. Further comments about changes to these
viewing. peaks are given in the discussion section.

Absorbance
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Figure 3 FTIR data for isopropanol-acetic acid-ester mixtures. Detail in the region surrounding the ester peak at1735 cm
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Figure 4 FTIR data for isopropanol-acetic acid-ester mixtures. Detail in the region surrounding the ester peak at 1250 cm

The spectra shown in Fig. 5 were analyzed using thaium bonding environment will change. The resulting
procedure developed with the calibration solutions desolution-average titanium oligomer, THg0Oi Pr),_ g
scribe above. Peak intensities were integrated and frofOAc), _ r, can be described by the following reaction:

these values, the volume percentof esterinsolutionwas _ '
calculated. Table | gives these measured ester concen- Ti(Oi Prp(OAC); <> TIOR(OiPry— r(OAC) - r

trations. The agreement between ester concentrations + RiPrOAc (6)

measured using the two different FTIR peaks is quite
good. The valueR describes the extent to which the esterifi-

As condensation of the starting molecules progressesation and condensation has progressed in soluRon.
(and ester is produced as a result), the average titaanges from 0 (immediately after modification by the
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Figure 5 FTIR observation of 1:4 TIP:HOAc mixture heated for various times &t@QArrows show signifcant peak intensity changes with
increasing time and are discussed in the text.

TABLE | Measured isopropyl acetate ester concentrations as a func
tion of reaction time at 80C 0,8 r
Volume percent ester Volume percent ester Z  osd /
Reaction time (using peak around (using peak around = ¥
i 1 1 = 1 -
(min) 1250 cntl) 1735 cntd) & /I
g " /I
0 (02 0 < 1
5 2.2 1.9 3 0,2
10 5.2 4.6 3
15 7.9 6.0 L S
20 10.3 8.7 '
gg iii i;é (I) ' 1I0 ' 2‘0 I 3I0 I 4I0 . 5l0 ' 6I0
40 19.2 16.8 Time (Minutes)
45 19.6 18.2

Figure 6 Level of condensation between titanium precursors deduced
from the evolution of ester concentration in solutid®is defined as

aData are referenced to the ester content found in the as-mixed squtioWe number of moles of isopropy! ester formed per mole of TIP in the

before heating and are believed accurate to within 15% of their measureﬁtartlngl solution.
values.

60 20.6 18.7

It is interesting now to focus on the temperature de-
acetic acid) to 2 (for fully condensed titanium oxide par-pendence of this ester formation reaction. As stated
ticles). The bonded isopropoxy and aceto quantities arearlier, this is important because it sets bounds on time-
shown to maintain a constant ratio throughout the reactemperature combinations to which these solutions can
tion, consistent with prior NMR work [21]. Using this be exposed without complications. To investigate this
reaction description, the ester content in solution (fromeffect, solutions were heated at constant temperature
Table 1) can be used to deduce the level of condensaintil precipitation occurred. Although this doesn’'t mea-
tion, R, and its variation with time. It should be noted sure the ester content directly, it puts practical bounds
that the valueR also represents the average bridgingon the useful lifetime of these solutions during heating.
oxygen to titanium atom ratio in solution. THRedata Fig. 7 shows the Arrhenius plot of the reaction times,
for a solution heated at 8C are plotted in Fig. 6. The including the linear regression to the observed data. The
rate of ester formation is initially quite constant, andslope of this line is 8126, yielding an activation energy
eventually nears saturation before precipitation occursf 67.6 kJ/mole or 0.70 eV. Since the process includes
(around 75 min). both the time to form the ester and the need to nucleate
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TABLE Il Stable reaction times for various TIP-HOAc mixing ratios. ing Equation 6 above and the data presented in Fig. 6,
All data were gathered at 78 it can be seen that solutions reach reaction extents of
aroundR = 0.8 before precipitation occurs. By exam-

TIP:HOAC (mixing ratio) Reaction time (min)
ining Equation 6 it will be seen that on average there
1:2 141+9 will be nearly 0.8 oxo bridges per titanium at this point.
if‘ﬁ‘ 1?312 For comparison, it should be noted that a dimer
' molecule would haveR=0.500, while both singly
and doubly oxolated trimers could exist, haviRs
equal to 0.333 and 0.667, respectively. Linear oxo-
* bonded titanium chains having length N would have

" R=(N — 1)/N, giving values near 1.0 with very long
chains. Using this identity, th& value of 0.8 would
suggest an average chain length around 5 (with a wide
distribution of both smaller and larger lengths). Finally,
the hexamer species, which is thought to be the main
precipitate, hafk = 0.667.
= Observed Data Just before precipitation, the solution must have a
Regression Fit large hexamer concentration (with= 0.667), so hav-
" ing the solution average around 0.8 suggests that plen-
00028 ooo2s o030  ooost o032  oooss  tiful longer chains will also be present late in the reac-
Inverse Temperature tion. In fact, FTIR analysis of the reaction product after
Figure 7 Influence of temperature on the time for the reaction to progresspreClpltatlon (90 min at 80C) gaveR - 0'92.’ Su-pport_
far enough to cause precipitation. ing a gradual app_roach to Iong_er linear titanium oxo-
polymers. In addition, the solutions gathered at longer
reaction times (30 min and beyond) were significantly

and grow the resultant precipitate, it is not possible tamore viscous than the starting mixture. Although this

associate this energy with any specific reaction step. effectwas notquantified, it provides qualitative support
The effect of TIP-HOAC ratio on the time to pre- for the presence of appreciable concentrations of long

cipitate has also been tested. Table Il gives these rechain polymers.

sults, showing that when the acetic acid concentration It has been suggested that two trimer units may re-

is increased beyond the 1 : 4 level, the reaction progresact together to form the hexamer units [22]. However,

much faster, while a reduction in acetic acid shows relit is also possible that linear chains can wrap around

atively little effect. These results will be discussed fur-So that they react end-to-end. This possibility is sup-
ther in the next section. ported by the average chain length in solution deduced

above. Since the solutions certainly contain a spectrum
of precursor sizes, itis not possible to distinguish which

5. Discussion mechanism is operative in forming the final insoluble
The reaction times for different TIP : HOAc mixing ra- oxo-acetate molecules.
tios could give information about the reaction which  The linearity of the temperature dependence (Arrhe-
is responsible for the ester production in these solunius plot given in Fig. 7), suggests that a single step of
tions. As stated above, several different reactions aréhe total process is rate limiting and has an activation
possible (see Reactions (2) through (5) above). Eacknergy near 0.7 eV. However, there are three steps that
reaction’s rate will depend in a different way on the are required in order to reach the observable precipita-
solution species concentrations. Although these contrition point. First, ester formation must occur to beyond
butions can be estimated to a qualitative extent, none ahe solubility limit to reach the critical supersaturation
the reactions above can explain the entire span of dataoncentration. Second, nucleation of precipitate parti-

The general behavior is for faster reaction with highercles must occur. And finally, these particles must grow
HOAc content. This argues in favor of either reactionup to a size that is visible to the naked eye. Since these
2 or reaction 4, while Reactions 3 and 5 should be onlythree steps are sequential, it is not possible to directly
weakly influenced (and in the opposite direction sinceassociate the activation energy with any one of these
the HOAc addition will effectively dilute the other so- steps. These effects may also play a role in the differ-
lution species). The occurrence of reaction 2 is alsences found for the different TIP : HOAc mixing ratios
probably not favored because a simple mixture of isotested.
propanol and acetic acid without any TIP was found to It is instructive to compar® values for two distinct
generate much smaller quantities of ester during heatemperatures. The present study has measRredues
ing under the same conditions. It is also possible thaat 80°C, while limited data at room temperature are
the TIP and various HOAc additions perform some cat-already available in the literature [21]. If these data
alytic function in reaction 2, although the present dataare normalized according to their respective anticipated
cannot be used to propose a model for these effects. times to precipitation using the regression fit, then the

As noted earlier, the production of ester occurs alongester quantities formed at the two temperatures can be
with the condensation of the titanium oligomers. So, axompared. The data, shown in Fig. 8, are in surprisingly
the esterification reaction advances, the average size ofose agreement. This may suggest that it is the ester
the titanium oxo-acetate molecules will increase. Usformation itself which is rate limiting.
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0.8 4 is monomeric [34, 35]. Thus, with the substitution of
./‘ . . .
- two chelating acetate groups, the titanium could reach
. osed / a six-fold oxygen coordination mode and would prob-
€ . ably stay monomeric in solution. Therefore, the peak
S o4l Ve u positions at early times are most likely indicative of a
LE /l' preponderance of chelating bidentate acetate groups.
g ., [ } Earlier crystal structure examinations of precipitates
Q - F .
8 ’ e —e—FTIR Data (80C) from TIP-HOAC reaction products gave hexamer struc-
24 '
S B NMR Data (23C) tures as shown above [25-27]. For these molecules, all
004 o acetate groups are actually bidentate and bridge be-
00 o2 o4 o8 tween two titanium octahedra. From this data it is not
Fraction of Time to Precipitation possible to determine whether other oxo bonded ti-

_ _ o tanium oligomers also have bridging acetate groups.
Figure 8 Level Qf condensation betwee_n titanium precursors d_educe(however’ the closer proximity of the titanium atoms
from the evolution of ester concentration in solution. Comparison of . S
data at different temperatures. NMR data are from reference [21]. fnzag?ngtehgrc(;org% F;%?S;POI?—]/ ?gﬂ\évet:t$a?lgdrlgé??hr:%ii

amers must be reached before precipitation can occur,
] ] ] we can suppose that they lead to a significant contribu-
With the explanation of the reaction pathway pre-tion to the FTIR signal. For these reasons, the late-time
sented above, the changes in the FTIR spectra duringhectrum is likely to contain a large fraction of bridging
reaction can be further interpreted. Fig. 5 above showegjjentate acetate groups.
these FTIR spectra with annotations indicating general |fthe association found hereistrue, then the chelating
p_eak.position and_ i_ntensitytrends with increasing reacycetate groups actually have a slightly wider peak sep-
tion times. In addition to the growth of the peaks assoyration than the bridging acetate groups. This is some-
ciated with ester formation, there were two broad peaksyhat unusual when considering the trends presented in
arising from bidentate acetate groups (around 1425 anghe |iterature, but both separation values are well within
1575 cnm?). Itcan be seen that both of these peaks musihe commonly observed ranges. Further FTIR studies
be convolutions of two or more basic signals, and there(coypled with other structure determination methods)

fore indicate different coordination or bonding modesyj|| pe required to verify the correlations found in the
of the acetate groups. It should be noted that the symyresent work.

metric stretch vibration of the acetate group (near 142

cm™1) is also convoluted with the GHdeformation

mode at 1375 cm'. However, since this part of the ac- .

etate and isopropyl molecules is relatively far from the6: Conclusions _

bonding site there is no appreciable change in intensit{ /R measurements have been performed on various

or position. mixtures of TIP and acetic acid. These FTIR spectra
With increasing reaction time, the broad peak around’@ve been taken at all stages of reaction, from the ear-

1425 cntlincreases slightly in intensity, while the peak liest times until the reactions resulted in precipitation.

centered at 1575 cm has shifted gradually toward Although no specific reaction mechanism was deduced

smaller wavenumbers, ultimately reaching 1550 &m byt_he presentexperiments, boun_ds_,were establls_h_edfor

or less. These gradual changes in the two peaks aftbeir stable heating without precipitation. In addition,

evidence of changing contributions from the differentN€W information about FTIR peaks and their associa-

types of acetate groups that occur in the solution. tion with bondlng environment of the acetate groups
Earlier work has been focused at determining the achas been inferred.

etate coordination mode by measuring the separation

between these two peaks [30, 32, 33]. In general, wider
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