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The polymerization mechanism of a modified Pechini process was investigatés by
nuclear magnetic resonance spectroscopy for the mixed solution of strontium nitrate, citric
acid, and ethylene glycol. Theé-ratio (the ratio of citric acid to metal ions in the polymer
complex) is suggested to have a strong influence on the quality of the derived film. An
analysis of the chemical shift variation, as a functiorCefatio, indicates the presence in

the solution of two species: solvated strontium ions and strontium ions bound to the
polymer complex, with a stoichiometry of 1:7. A polymeric precursor model based on this
stoichiometry is proposed. Through a relaxation rate study of the strontium sites, it was
found that the polymerization mechanism is predominantly bimolecular within the
concentration region being studied. The equilibrium rate constant for the polymerization
was calculated to be &™. A kinetic study of the fast cation exchange between the two
identified strontium sites indicates that the inhomogeneity of the polymeric network leads
to film cracking during pyrolysis.

I. INTRODUCTION The Pechini process, a solution mixing process based
Over the past two decades, ionic and mixed-UPON anaqueous polyalcohol—citric acid system in which
conducting ceramics have attracted much attention due @ Wide range of metal salts are soluBlaas been used
their increasing use in solid-state ionic or electrochemiWidely in the preparation of compl_e>c<) ceramic powders
cal devices or systems, such as batteriesl cells? gas ~ and thin films on dense substrates® Further, it has
sensors chromatogra,phy detectofsand other ,appli- been demonstratétithat, with proper modification, the
cations. The material must be dense and uniform with & €Chini process can be used to prepare crack-free, uni-
well-controlled stoichiometry to achieve high electrical ?0™M. and dense thin-film coatings on both dense and
conductivity? and sufficiently thin to minimize resistive POrous substrates. In the latter work, the effect of several
loss” However, the membranes must be deposited oRarameters on the quality of the derived thin films of
porous electrodes in order to be accessible to gases ah@CF (L&.e5%.2C0 66 2055) On porous AlO; sub-

ions, which participate in electrode reactions on electrodgtrates was studied. The most important process-
surfaces. ing parameter identified was th€-ratio (the ratio of

complexation/polymerization agent—citric acid to total
metal ions). It was observed that a solution with either a
small ratio (e.g.C < 1.0) or a large ratio (e.gG = 4.0)
would lead to cracking in the derived films in contrast to
AAddress all correspondence to these authors. an optimalC-ratio of 3.5; the quality of the derived films,
e-mail: will.rees@chemistry.gatech.edu however, was much less sensitive to the ratio of citric
e-mail: meilin.liu@mse.gatech.edu acid to ethylene glycol. To date, these observations have
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not been explained fully because of the lack of underdlittle success has been achieved for the complexa-
standing of the polymerization mechanism; thus, a polytion process involving species other than mono- and bi-
meric structure model needs to be developed. dentate ligands.

It is believed that the quantity of the derived films is  The only NMR-active isotope of strontiur’Sr, has a
determined by the microstructural evolution of the poly-spin number of 9/2, a natural abundance of 7.02%, and a
meric network and the mechanism of the polymerizationguadrupole moment of 0.36 x 18 cn®.*® These char-
and strontium ions are involved in the polymeriza- acteristics are unfavorable for observation. However, the
tion process! Teraokaet al? concluded that the oxygen 2’Sr NMR signal was detected as early as 1959 with a
permeability of LSCF membranes increases with Sr cond T instrument by Jeffries and Sod®The current ready
tent. Thus, variations in strontium concentration andavailability of more advanced NMR instruments and bet-
C-ratio provide an opportunity to examine the polymeri-ter computer programs maké&r NMR more accessible.
zation mechanism®’Sr nuclear magnetic resonance In this study, the dynami€’Sr NMR behavior of i-
spectroscopy (NMR) may provide some insight into thegand-derived solution coating by sol-gel have been ex-
structure of the sol-gel polymeric network. plored. To simplify the component of the LSCF thin

Quadrupolar NMR is a local probe of molecular dy- films, only strontium nitrate was added into the mixture
namics. Line shape, relaxation, or chemical measuresf citric acid and ethylene glycol. Chemical shift and
ments can usually be obtained from the NMR signals ofelaxation time measurements were carried out on the
nuclei at particular chemical sites, even in quite complexsol-gel solutions with differenC-ratios. The polymeri-
molecules. It is possible therefore to probe, to identify,zation mechanism was examined. A sol-gel structural
and to compare molecular motions at various locationsmodel was developed, and the impact of the processing
The qualitative interpretation of NMR data related toparameters on the quality of the derived film has been
molecular dynamics typically involves utilization of suggested.
models for the kinetic study. To date, NMR has been
used to characterize the mechanism by which small oM. EXPERIMENTAL PROCEDURE
ganic complexing agents exchange host metal cation for i ,

Na' (I = 3/2)12-15K* (I = 3/2)13-16Cs" (I = 7/2)1417:18 A. Preparation of sol-gel solutions

and others. In these studies, the variation of chemical Strontium nitrate, citric acid, and ethylene glycol (each
shift as a function of the ratio of the complexing agent toACS reagent grade) were obtained from Aldrich (Mil-
the metal ions has been used to determine the complexvaukee, WI) and used as received. The procedure for the
ation number. In the case of operation in the region ofreparation of the sol-gel solution was as described else-
the extreme narrow limitefor. < 1), longitudinal and where!* First, 2.1163 mg of Sr(Ng), was introduced
transverse relaxation rates have been related to thato 4 ml of distilled water under stirring, and when the
pseudo-first-order rate constant of the two-site exchangstrontium precursor was completely dissolved in the
mechanism:2~*>17*8Unimolecular complexation/ solution, controlled amounts of citric acid and ethy-
decomplexation and bimolecular cation exchanges haviene glycol were added (the amount of citric acid and
been the two most considered mechanisms; howeveethylene glycol determines the ratio of citric acid to metal

TABLE |. Examples of sol-gel solutions.

Sr(NG,), Citric acid Ethylene glycol [Ethylene glycol]/
[Citric acid]/[Sr*"] (9) (9) (ml) [citric acid]
0.2 2.116 0.384 0.32 2.9
0.5 2.116 0.960 0.84 3.0
1.0 2.116 1.920 1.62 2.9
2.0 2.116 3.840 3.12 2.8
25 2.116 4.800 3.76 2.7
3.0 2.116 5.760 4.02 2.4
35 2.116 6.720 4.29 2.2
4.0 2.116 7.680 4.69 2.1
45 2.116 8.640 5.02 2.0
5.0 2.116 9.600 5.58 2.0
55 2.116 10.56 6.75 2.2
6.0 2.116 11.52 7.03 21
6.5 2.116 12.48 7.25 2.0
7.0 2.116 13.44 10.93 2.8
7.5 2.116 14.40 9.62 2.3
8.0 2.116 15.36 9.37 2.1
8.5 2.116 16.32 10.43 2.2
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strontium ions and the ratio of citric acid to ethylene).complexation mechanism. THéSr NMR chemical shift
The solution was heated at 80 °C for 30 min until it wasvariation as a function o€-ratio is plotted in Fig. 1. The
viscous. The examples of the composition of a few sol-observation of a sharp cutoff at tHé-ratio = 7.0 is
gel solutions are summarized in Table I. indicative of complexation of the strontium cation by

The sol solutions were diluted with distilled water to citric acid to create a 1:7 complex. The linear relationship
the same concentration of B8} (0.313 M), and a few of the curve in the range di-ratio = 0.2-8.5 suggests
drops of DO were put into each 10-mm NMR tube prior the coexistence of only two speci&s:solvated and
to excecution of the NMR experiment. All spectra werel:7 complexed strontium. The system, therefore, can be
recorded within 24 h after the solutions were prepared.regarded as a two-site system. The line shapes of the
spectra obtained at 17.34 MHz were Lorenzian for
. . the concentration range under examination. Additionally,

Sr NMR measurements were performed using @ne sharp signal was observed for each solution, as op-
wide-bore Bruker AMX-400 (Billerica, MA) spectrom- posed to two. This further confirms that exchange be-
eter operating at a resonance frequency of 17.34 MHzween the two strontium sites is fast, since the exchange
87 H H H . .

Sr NMR spectra typically were acquired with the fol- rate has a substantial influence on the band sR&pe.
lowing parameters: 7@s (w/2) pulse length; sweep For example, if there is a chemical shift difference of
width of 71428 Hz; acquisition time of 28.7 ms (for 1.00 ppm at 100 MHz for two sites, the frequency dif-
broad signals, such as those of the samples) or 57.4 migrence is 100 Hz. Thus, in an exchanging system, only
(for narrow signals, such as those of the standard); repne signal (corresponding to both sites) is observed, if

etition time of 40 ms. All data were zero-filled prior to the exchange rate is substantially faster than 100 Hz.
processing, and an exponential multiplication, resulting

in a line broadening of 100 Hz, was applied to differentB. Relaxation studies

sets of experiments’’Sr NMR chemical shifts were A perturbed nuclear spin system relaxes to its equilib-
measured with respect to 1 M Sr(N)gsolution in DO.  iym state or steady state by first-order processes char-
A D50 lock was used for all experiments. Sample tem-ycterized by two relaxation times;, the spin—lattice, or
perature was determined by a thermocouple premstalle@ngitudinm time;T,, the spin—spin, or transverse time.
in the NMR instrument. Sample temperatures were dere|axation occurs only if there is some specific interac-
termined independently to be reliable to 0.5 °C. Thejjon petween the nucleus and its environment which re-
temperature range examined was 296 to 353 K. sults in energy exchange.

C. Relaxation time measurement On the basis of the chemical shift measurement, the
longitudinal relaxation rate should have a similar behav-
ior in the sol-gel system under exploration. The relaxa-
tion rate observed is the average of the characteristic
relaxation rates of solvated and complexed species. Thus,
a linear decrease @f,”*, as a function ofc-ratio, in the
range 0-7.0, as well as the occurrence of a plateau at
values in excess of 7.0, would be anticipated, as is ob-
served in Fig. 2. The measured transverse relaxation rate

B. Chemical shift measurement

Longitudinal relaxation timeT,) measurements were
done at 17.34 MHz (Bruker AMX, 400 MHz), using
the inversion-recovery 180%—90° pulse sequence;
90° pulse widths were 7@s (17.34 MHz). Repetition
time (D,) was 40 msT, was obtained from a nonlinear
regression analysis (by computer).

Relaxation ratesR,) were obtained from the line-
widths at half amplitude/v,,,) of the absorption spec-
tra, utilizing the relationshifR, = wAv,,,. 45

D. Data processing 41

Kinetic parameters were calculated by fitting rate data_ 351
at various temperatures to appropriate equations, usin
EXCEL on a Dell computer.

w

[ll. RESULTS AND DISCUSSION
A. Characterization of the complexation number

'St Chemical shift ((f@n)
N ¢

n

The complexation number has been determined to be
one of the most important processing parameters in the
modified Pechini process. Although this point was not

e
n

key to the initial disclosure of the technigBiguantita- 0 '
tive determination of the complexation number is essen- ¢ ' 2 3 ¢ 5 & 78 9
tial for sol-gel structure determination, which is one [citric acid)/[Sr*™] ([S"] =0.313M)

key point to further exploration of the polymerization/ FIG. 1. 8’Sr NMR chemical shift as a function of [citric acid]/[S}.
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behavior is different fromT, * (Fig. 2) and chemical
shifts (Fig. 1). T, opsq  (directly from the linewidth of
the Lorenzian signal), as a function Gfratio, is shown
in Fig. 3. A maximum is observed for @-ratio of ap-

mechanism (in addition to the quadrupolar effect) which
impacts the transverse relaxation raté3.herefore, the
observed transverse relaxation rates contain quadrupolar,
chemical exchange, and inhomogeneity contributions as

proximately 6.0. It readily is apparent that the measureghown in Eq. (1)%°

relaxation rate behavior is different from~* and chemi-
cal shifts. This indicates thak,”* and T,”* are not in

phase, which suggests that some exchange-broadenihgthe extremely narrow limits, opeg ™ = Ty

Toobsd = Tajnn -+ Toex -+ T2,q_1 . 1)

-1 _ -1
=Toq

contribution toT, ™ might be present. This notion was ex- andT, ;. " iS given by T, gpsa ~ — T1.0psq - iN the case of
amined and further tested in a variable-temperature studycitric acid])/[S**] = 0, where the exchange contribution

The variation of InT, ™) and In{T,™%) as a function of

is neglegible® A plot of T, 0, " = Toopsa -~ Tong -~ = Tainh -

T~ (the inverse of the temperature), is shown in Fig. 4as a function oC-ratio is shown in Fig. 5. The sum &f,
for [citric acid]/[S*] = 3.5. The larger slope in the case and kg is about 230 + 40 Hz for most of the sol-gels

of In(T,™), when compared to that of (%), confirms

(Table Il). For [citric acid]/[Sf'] = 0.2 and 0.5, the

the (moderately) rapid exchange between the two strorNMR linewidth was broad, an#, + kg could not be
tium sites®® At this point, it may be suggested that determined accurately. The data are fit by a parabolic
chemical exchange broadening is another relaxatiomodel, as discussed below.
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FIG. 2. 8’Sr NMR longitudinal relaxation rates as a function of [citric

acid)/[SP].
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FIG. 5. Chemical exchange contribution to tA&r NMR trans-

FIG. 3. 8Sr NMR transverse relaxation rates as a function of [citric verse relaxation rate for the sol-gel network as a function of [citric

acid)/[SP].
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TABLE Il. Chemical exchange contribution to tHéSr transverse relaxation rate of the sol-gel.

[Citric acid]/[Sr*'] Ty opsa (H2) T2.0psa* (H2) Toex (57 ka + ks (H2)
0 287.61 108.64 0 0
0.2 342.4 121.05 42.38 121.17
0.5 349.25 143.28 26.99 454.67
1 431.44 157.75 94.7 239.23
2 568.41 227.53 161.9 233.22
2.5 616.32 234.58 202.76 209.50
3 705.35 287.11 239.26 189.38
4 712.2 361.53 171.69 263.91
6 705.35 438.79 87.58 258.68

C. Kinetic studies

T, is related to the chemical shift and rate constant o
the basis of the chemical shift expression derived fro
the Bloch equatioR® This provides the basis for calcu-

lation of the exchange rate constant between two un

coupled sites by the determination of bathand T,.**#°
8’Sr NMR relaxation is suitable for studying the po-

lymerization mechanism in this case, since the exchangeaPs

rate between the two strontium sites is rapid.
For a two uncoupled site case [Eq. (2]}, - can be
expressed by Eq. (3f.%°

Ka
Az=2B |, (2)
ks
Tz,ex_l = ApapeT (va —vg)ika +ka) T, (3)

wherep, andpg are the molar fraction of site A and B,

v, andvg are the respective chemical shifts of these two

sites in hertz, an#, andkg represent the inverse of the

cation residence times in sites A and B, respectively.
Equation (4) represents the sol-gel complexation/ Ka

polymerization chemistry for strontium system stud-
ied here.

SP* + 7 citric acid
Ky
+ X ethylene glycol= Sr** - sol-gel (SrP)
K1
4)
The concentration of the complexed®S{SrP] can be
expressed in Eq. (5):

[SrP] = ¥4 complexed citric acifl
= ¥4([citric acid]; — [citric acid])

(5)

Since theC-ratio = [citric acid];/[Sr**];, therefore,
[citric acid], = C-ratio- [Sr**]y, and, by insertion of
this term into Eg. (5), the following equation may be

obtained:
[SrP] = ¥#(C-ratio - [Sr**]; — [citric acid]) (6)
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At equilibrium, the [citric acid] term may be neglected as

/@ constant, and Eq. (6) simplifies to [SrP] ¥7C-ratio-
n1Sr?*]+. The molar fraction of the complexed®Scan be

expressed aPs,p = [SIP)/[SF']+ ¥7C-ratio. The
parabolic curve in Fig. 5, therefore, has a maximum
value forpg,, = 3.5/7 = 0.5. This is in good agreement
with Eg. (3), since the maximum value of the product
corresponds tp, = pg = 0.5. More importantly,
the sum of K, + kg) is independent o€-ratio (Table 1),
thus providing the underpinning for the examination of
the sol-gel complexation/polymerization mechanism.

It is reported®?3that unimolecular complexation and
bimolecular cation exchange are the two most considered
mechanisms for the kinetic studies of complexation. The
unimolecular mechanism is represented by Eq. (4),
which leads to Eq. (7). This further leads to Eq. (8), due
to the high value of the complexation constant.

ka + kg = kj[citric acid] [ethylene glycof* + k_, )

+ kg = k_4(1 — ¥«([citric acid]/[SP*])* (8)
In Eq. (8),k, andkg represent the pseudo-first-order ex-
change rate constant between site A (the free strontium
ion site) and B (the complexed strontium site). The equa-
tion shows the dependencelgf + kg on C-ratio, so the
unimolecular complexation mechanism can be ruled out.
A bimolecular cation exchange [Eqg. (9)] would lead to
ka + ks = k[Sr?*], where the sum ok, + kg is inde-
pendent of [citric acid]/[ST"].

. K
SP* - sol-gel (SrP) + SP* ; SP*

- sol-gel(SrP* + SP* (9)
To test the possibility of the bimolecular mechanism,
the relaxation times of several solutions ([citric acid]/
[Sr**] = 3.5) with different concentrations were meas-
ured. A linear relationship betwedq + kg and [SF*]+
[the initial concentration of Sr(Ng),] is observed
in Fig. 6, with a slope ok, = 0.74 x 1¢ s*. This
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confirms that, for the concentration region of {9rbe-  solution. These pores cannot be eliminated during firing,
ing studied (0.313-0.01 M), a bimolecular mechanismdue to the low packing density of metal ions, and lead
dominates, and the exchange between the two strontiuto cracking.

sites is rapid. It is known that the drying and film formation mecha-
nism in the (modified) Pechini process is to obtain a
D. Parameters for the modified Pechini process sol-gel precursor comprising randomly coiled macromo-

In the Pechini process, selection and optimization ofécular chains throughout which the metal cations are
processing parameters are critical to the preparation dfniformly distributed at an atomic levét. The ceramic
ceramic films with desired microstructures and properilm will not form until the organic network is removed
ties. Many efforts have been devoted to the parametefuring the ignition of the polymeric matter. Accordingly,
selection to obtain the best film qualify’:*>**Among film cracking usually occurs during the pyrolysis of the
all the parameters studied, the ratio of the chelating agerfim. rather than the drying of the filniv- Therefore, the
(e.g., citric acid) to the metal ions, [citric acid]/fS],  Purity of the polymer precursor is highly critical to
appeared to be the most importahtHowever, the in- the u_Itlmate success in film formatlon. Thus, the _homo—
fluence of those parameters on the quality of the derive@eneity of the sol-gel network is among the most impor-
film cannot be explained without an understanding of thd@nt factors in the Pechini process. For this present
structural evolution during processing. The kinetic studyStudy, [citric acid)/[Sf"] is the parameter controlling
of the complexation/polymerization mechanism offers alomogeneity. , _
simple explanation for the importance of [citric acid)fgr ~ This conclusion is consistent with the thermal analy-

As stated earlier, the cation exchange betweer§iS result of the LSCF film in a previous studyThe
solvated strontium and complexed strontium is fasSOl-gel with [citric acidl/[Sf*] = 1 or 3 showed type Il
(k, = 0.74 x 1 Mt s7%) and the complexation num- charac'[erls_t_lc%.7 for the pyrolysis. In other words, the
ber of the strontium present in the sol-gel is 7 (to citricd€composition of both precursors follows the type Il py-
acid). Therefore, [citric acid]/[$F] must be (approxi- rolysis reaction. This confirms thqt the polymer precur-
mately) 3.5, to achieve the cation exchange equilibriun$0r Structures are the same for different ratios of [citric
atpses = Psp = 0.5, assuming that neither of the Stron_acld]/[SIZ*]. It was also fognd _that the only difference
tium sites is in excess, and the sol-gel network is homobPetween the two gels ([citric acid]/[3] = 1 and 3) was
geneous with respect to strontium ions. However, wheiat the pyrolysis of the first gel started and completed at
[citric acid]/[SP"] is quite small (e.g., <1.0), there would Iovyer temperatures than_ that of the _Iatt(_er gel with [citric
be a large amount of excess Sr(Qremaining at acid)/[SF*] = 3. According to the kinetic study result,
equilibrium, which distributes among the sol-gel net-the sol-gel precursors have the same structure; how-
work, creating a migration of 8f to the location with ~ €V€r, there are more organic components to b? removed
more H,O during pyrolysis. This further leads to an in- N the Iatter_gel tha_lr_1 in the_ first geI._ The organic agents
homogeneity in the distribution of the [3f in the Used are high boiling point organic compounds (e.g.,
dried film and, ultimately, initiates cracking. In contrast, €thylene glycol, b.p. 196-198 °C); therefore, it is ex-
for sol-gel solutions with larg€-ratios (e.g., >4.0), the pected that tlhe latter gel should have a higher pyrolysis
removal of the organic compounds during pyr0|ysistemperaturé.
leaves substantial pores in the polym@mvhich were

filled initially by the small organic molecules in the gel g Polymer precursor model

250 It is clear from the present data that [citric acid]{gr
| does not have an effect on the structure of the sol-gel
200 - precursor, although it was thought previously that sol-
gels having different ratios of [citric acid] to [ might
8 150 possess a different structure. It was observed that [citric
7 acid]/[SP*] influenced the quality of derived films be-
= 100 | cause it plays an important role in the control of the
homogeneity of the sol-gel network. On the basis of the
50 - complexation number of the strontium ion (to citric acid)
by 8’Sr NMR analysis, a quantitative polymer precursor
0 model (Scheme |) is suggested.

0 005 01 015 02 025 03 035 On the basis of this model, the ratio of ethylene glycol
[S1] (M) to citric acid ([EG]/[CA]) can be expressed byn2 1)/n,
FIG. 6. Sum ofk, + kg as a function of the initial strontium ion Wheren is the number of citric acid sites |n_the sol-gel
concentration at [citric acid]/[$f] = 3.5. network. Therefore, the sol-gel precursor will be homo-
2398, J. Mater. Res., Vol. 15, No. 11, Nov 2000
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HO-@—CHsz_ﬂ_ o
e OC OH OH—G—(—OH
N\
or g Hoh re
OH

citric acid

ethylene glycol

SCHEME |. Sol-gel polymer structure model.

10
geneous, provided that this ratio falls into the region of

2-3. Thus the ratio of [EG]/[CA] is less critical to the 11.
12.

film quality, as observed in a previous stutly.
The reaction involved in the modified Pechini process
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