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Figure 4. Resonant |x®(—8w;w,w,w)| versus the mole percent of
PBAPQ in random copolymer PSPQ/PBAPQ.

values for the three materials at 2.38 um, as shown in Table
I, are all the same (2.2 X 1072 esu) within experimental
errors. Thus, the structural differences between PSPQ,
PBAPQ, and the random copolymer have no effect on the
off-resonance x® of these polyquinolines.

The observed resonance peaks at about 1.2 um in the
x® spectra of the three materials and the lack of any
absorption features in the 0.5-2.4-um region in their optical
absorption spectra (Figure 1) show that the peaks are due
to a three-photon resonance. The magnitude of the
three-photon resonance-enhanced x® of PSPQ, PBAPQ,
and PSPQ/PBAPQ was 8.1 X 10712, 2.7 X 107!}, and 1.8
X 1071 esu, respectively (Table I). Thus, the off-resonance
optical nonlinearities of PSPQ, PBAPQ, and PSPQ/
PBAPQ are enhanced at resonance by a factor of 4, 12, and
8, respectively. The systematic decrease in resonant x®
value (PBAPQ > PSPQ(Z)/PBAPQ > PSPQ(Z)) corre-
lates with the decrease in the degree of w-electron delo-
calization expected from the absorption spectra: PBAPQ
(Amax = 399 nm) > PSPQ(Z)/PBAPQ (A, = 390 nm) >
PSPQ(Z) (Apsx = 372 nm). Since the E or trans isomer of
PSPQ has a higher =-electron delocalization (Ag,, = 408
nm) than PBAPQ, it is clear that the observed smaller
resonant x® of vinylene-linked polyquinoline (PSPQ)
compared to the acetylene-linked polyquinoline (PBAPQ)
is due to photoinduced E-Z (trans—cis) isomerization of
PSPQ and the associated decrease in w-electron delocal-
ization.

In Figure 4, the resonant x® is represented as a function
of copolymer composition. The x® of copolymer
PSPQ/PBAPQ (50:50) lies on a straight line joining the
x® values of the two constituent homopolymers, suggesting
the absence of enhancement in the third-order nonlin-
earities with the introduction of disorder in the copolymer
backbone. In fact, the x*® value of the copolymer is, within
experimental errors, equal to the molar average of the x®
values of the homopolymers over the entire spectrum.

In preliminary measurements of the optical loss (a) of
thin films of the conjugated rigid-rod polyquinolines, de-
fined as the absorbance per unit thickness, we have found
a values of the order 1-10 cm™ in the wavelength range
0.80~2.0 um.!* This suggests that low optical loss thin films
can be fabricated from the polyquinolines. Also, this gives
a figure of merit [x®|/a estimate for the current thin films
to be about 10"11-10"13 esu cm.

In summary, we have prepared optical-quality thin films
of conjugated rigid-rod polyquinolines, PSPQ and PBAPQ,
and their random 50/50 copolymer PSPQ/PBAPQ and
investigated their wavelength dependent third-order op-
tical nonlinearities by third harmonic generation. The x®
spectra of the three materials in the 0.9-2.4-um wavelength

range showed a peak near 1.2 um that was identified as
a three-photon resonance. The magnitude of the three-
photon enhanced x'® was respectively 8.1 X 10712, 2.7 x
107!, and 1.8 X 107! esu for thin films of PSPQ, PBAPQ,
and PSPQ/PBAPQ. Off-resonance at 2.38 um, it was
found that the x® of the three materials was the same,
2.2 X 10712 esu. Over the entire spectrum, the x® value
of the copolymer is, within experimental errors, equal to
the molar average of the x® values of the homopolymers,
suggesting the absence of enhancement or reduction in the
third-order optical nonlinearities with the introduction of
disorder in the copolymer backbone. The relative resonant
x® values of the three materials correlate well with their
degree of w-electron delocalization. The smaller resonant
x® of vinylene-linked polyquinoline (PSPQ) relative to
the acetylene-linked polymer (PBAPQ) appears to be due
to photoinduced E-Z isomerization and the associated
decrease in w-electron delocalization. The measured
magnitude of the x®(-3w;w,w,w) of the polyquinolines over
a wide wavelength range, using THG, makes possible the
theoretical modeling of the optical nonlinearity of the
materials based on the essential states mechanism.® From
such a modeling, we can then predict the real and imag-
inary parts of x¥(-3w;w,w,w) and x®(~w;w,w,~w). Such
modeling studies on the polyquinolines are currently in
progress and will be reported in the future.
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We report a new electrochemical method for synthes-
izing a range of metal nitride, M,N,, ceramic precursor®
The experimental conditions (NH,Br/liquid NH; elec-
trolyte solutions and inert atmosphere manipulation of
reactants and products) lead to a significant reduction in
the levels of C and O contamination compared to previ-
ously reported electrosynthetic schemes.! Moreover, the
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ceramic materials described here are characterized by high
surface area, nanometer-scale primary particle sizes, and
a high degree of crystallinity.

The vast majority of commercially produced ceramics
are oxides, but nonoxide ceramics such as metal nitrides
often have superior properties for many applications. For
example, AIN has important advantages compared to the
corresponding oxide, including higher mechanical strength,
much higher thermal conductivity, and lower thermal
expansion,3 and TiN has superior mechanical properties
and is a better conductor than TiO,.* Despite these ad-
vantages, metal nitride ceramics have not found wide-
spread commercial applications, because they are usually
more challenging and costly to synthesize than oxides. As
a result, it is desirable to develop new synthetic procedures
that yield low-cost, high-purity metal nitride ceramics.

AIN and TiN powders are presently made by direct
nitridation of the appropriate metal, carbothermal re-
duction of alumina, or by the reaction of the metal halides
with N, or NH,,2% and thin films are made by polymer
pyrolysis or chemical vapor deposition.?® Thin-film
syntheses have advanced significantly in recent years,® but
synthetic routes to powders that have both desirable ma-
terials properties and low levels of contamination are still
elusive.

Maya” and others® have studied the electrochemistry of
Al in liquid NH; electrolyte solutions. The results indicate
that anodic dissolution of Al is accompanied by formation
of amide-containing Al salts or other complex mixtures of
Al salts. Maya® has also described synthetic approaches
aimed at the preparation of AIN precursors in liquid NH,4
by homogeneous chemistry such as that shown in eq 1.

AlBr, + 3KNH, — Al(NH,), + 3KBr 1)

Al(NH,); was found to lose NH; and form oligomers of the
form [AI(NH,)NH],, at room temperature, and subsequent
calcination of this material resulted in 90% conversion of
the oligomer to AIN.

Russel and Seibold have reported an electrochemical
route for the preparation of metal nitride ceramic pre-
cursors that involves the oxidation of a metal anode in an
electrolyte solution consisting of a primary amine, aceto-
nitrile, and tetrabutylammonium bromide.! The mixture
that results from extensive electrolysis consists of a solution
that can be dried in a vacuum to produce a polymeric foam
ceramic precursor. The Al-containing precursor yields
crystalline AIN containing 1.8-9.1% O and 1.6-28.3% C
depending upon the atmosphere used during calcination.!?
The Ti-containing precursor yields TiN/TiC mixtures with
O and C impurities ranging from 2 to 6% and 5 to 31%,
respectively, depending upon conditions.!d

We have improved upon previously reported electro-
chemical schemes for making metal nitride ceramic pre-
cursors by significantly reducing the level of C and O in

(1) (a) Russel, C.; Seibold, M. Eur. Pat. Appl. EP 332,115, 1989; Chem.
Abstr. 1989, 111, 362 (CA Number 111:200530v). (b) Rﬁssel C,; Selbold
M. M. J Am. Ceram Soc. 1989, 72, 1503. (c) Seibold, M Russel C.
Mater. Res. Soc. Symp. Proc. 1988 121 478. (d) Riissel, C Chem Mater.
1990, 2, 241.

(2) Sheppard, L. M. Ceram. Bull. 1990, 69, 1801.

(3) Kuramoto, N.; Taniguchi, H. J. Mater. Sci. Lett. 1984, 3, 471.

(4) Toth, L. Transition Metal Carbides and Nitrides; Academic: New
York, 1971; pp 176ff.

72 (gz)a\;ikar, A. V,; Jackson, T. B.; Cutler, R. A. J. Am. Ceram. Soc. 1989,

(6) Interrante, L. V.; Lee, W.; McConnell, M.; Lewis, N.; Hall, E. J.
Electrochem Soc. 1989 136, 472
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ORNLATM -9762; Oak Ridge National Laboratory: Oak Ridge, TN, 1985,
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1952, 74, 732.
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Table I. Summary of the Elemental Composition and
Morphological Characteristics of AIN and TiN Prepared in
NHBr/NH, Electrolyte Solutions and Calcined at 1100 °C°

AIN TiN

elem anal., wt %

Al or Ti 66.12 (65.9)  73.47 (77.4)

N 33.92 (34.1) 22.55 (22.6)

(0] 1.4 not available

C <0.5 <0.5

Br <0.5 <0.35

H <0.5 <0.5

total 101.4 (100) 96.02 (100)
mole ratio, Al/N or Ti/N  1.01 (1.00) 0.95 (1.00)
BET surf. area, m?/g 87 1.2
He density, g/cm? 2.97 (3.26) 5.08 (5.22)
primary particle size, nm 24 480
mean crystallite size, nm 12 60

¢ Theoretical values, where appropriate, are listed in parenthes-
es.

the calcined powders. This improvement results from the
use of C-free NH,Br/NH; electrolyte solutions!? and in-
ert-atmosphere or vacuum-line techniques for manipula-
tion of all reactants and products.

The electrolysis is performed in a conventional single-
compartment, two-electrode electrochemical cell configured
with vacuum-tight tungsten electrical feedthroughs and
glass joints for attachment to a glass high-vacuum line.
Anhydrous grade NH; is purified by condensation onto Na
metal at reduced pressure. Prior to each experiment,
sufficient reagent grade NH,Br is added to the cell to make
the final NH; solution 0.1-0.2 M at =70 °C. Anodes and
cathodes have areas of about 25 cm? and are cut from
0.25-0.50-mm-thick foils of the appropriate metal. The
electrodes are configured parallel to each other and are
separated by about 1 cm. The cell is evacuated prior to
the electrolysis, and then about 75 mL of NHj is distilled
into the cell.

The constant-current electrolysis takes place at 100-150
A/m?, and the voltage typically varies between 8 and 25
V. The electrolysis time is usually 6-10 h but can vary over
a wider range with satisfactory results. At the conclusion
of the electrolysis residual NH; is allowed to evaporate
through a mercury manometer, and the cell is removed
from the vacuum line and transferred to an inert-atmo-
sphere glovebox for removal of the solid mixture of ceramic
precursor and electrolyte. A typical electrolysis yields
about 1 g of dried precursor after accounting for the initial
mass of the electrolyte. The precursor is converted into
about 0.5 g of the metal nitride by calcining at 1100 °C
under flowing NH; (70 mL/min).

Results of elemental and morphological analyses of AIN
and TiN powders are shown in Table I. The elemental
analysis of the calcined AIN precursor shows that ap-
proximately 100% of the total mass recovered consists of
Al and N, and for the TiN synthesis 96% of Ti and N are
recovered. Moreover, the M/N mole ratios for AIN and
TiN are close to unity, indicating that the ceramic powders
are stoichiometric. The absence of Br suggests that NH,Br
contamination present in the precursor selectively sepa-
rates from M, N, during calcination, consistent with its low
sublimation temperature of 452 °C.11

Morphological data, Table I, indicate the calcined ce-,
ramics have an open structure and small particle size.
BET measurements show that electrochemically syn-

(10) NH4CI and NH,Br are suitable for this process, but NH,F is
insoluble in liquid NH; and electrolysis of NH,I can result in formation
of dangerous quantities of NI;.

(11) CRC Handbook of Chemistry and Physics, 53rd ed.; Weast, R.
C., Ed.; CRC Press: Cleveland, 1972; p B-65.
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Figure 1. Electron micrographs of AIN and TiN powders prepared by anodization of the appropriate metal in NH,Br/NHj electrolyte
solutions and subsequent calcination of the resulting polymer precursor at 1100 °C under flowing NHj.

thesized AIN has a high surface area, 87 m?/g, suggesting
that it may have a low sintering temperature and be useful
as a catalyst support.!? True helium density values for
the electrochemically synthesized materials (AIN, 2.97;
TiN, 5.08 g/cm?) are comparable to the theoretical den-
sities (AIN, 3.26; TiN, 5.22 g/cm?®)."* Assuming that the
primary particles are smooth spheres, particle sizes of 24
(AIN) and 480 nm (TiN) can be calculated from the surface
area and density. Scanning electron micrographs, Figure
1, confirm the open structure of the ceramic powders and
indicate that the particles form agglomerates less than 1
pm in diameter.

X-ray diffraction (XRD) analyses were obtained using
a Scintag Pad VII X-ray diffractometer (A 0.154 nm).
Figure 2 shows that the only crystalline materials present
after calcination are AIN and TiN."¥ TiN prepared by a
previously reported electrochemical route was contami-
nated with a high concentration of crystalline TiC, which
is notably absent in the present case.!®* The mean
crystallite size, D, can be estimated by the Scherrer
equation, eq 2,!° where B is the XRD peak width at half

D = 0.89\ /(B cos ) (2)

maximum, 6 is the Bragg angle, and X is the wavelength
of radiation. The calculated values for AIN and TiN are
12 and 60 nm, respectively, in good agreement with the
surface area and SEM results.

To summarize, the data presented here clearly show that
AIN or TiN precursors result from electrolysis of the ap-
propriate metal in NH,Br/NHj electrolyte solutions. The

(12) Nitrogen adsorption at 77 K was measured for five relative
pressures in the range 0.05-0.30 using an Autosorb-1 adsorption analyzer.
Surface areas were calculated by using the BET equation and a molecular
cross sectional area of 0.162 nm?. Before analysis samples were outgassed
at approximately 373 K under vacuum for about 3 h.

(13) True helium densities are measured at 25 °C by using a Quan-
tachrome micropycnometer.

(14) Powder Diffraction File Alphabetical Index, Inorganic Phases;
McClune, W. F., Ed.; JCPDS International Center for Diffraction Data:
g;mrthmwsa ore, PA, 1988. Card numbers: AIN, 25-1133; TiN, 38-1420; TiC,

(15) Cullity, B. D. Elements of X-Ray Diffraction; Addison-Wesley:
Reading, PA, 1978; p 102.
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Figure 2. X-ray diffraction patterns of metal nitride powders
obtained by calcining electrochemically synthesized precursors
of AIN and TiN at 1100 °C under flowing NH;. Identical patterns
are obtained from authentic samples of AIN and TiN obtained
from a commercial source.

calcined ceramic powders are characterized by high surface
area, purity, and crystallinity. We are not prepared to
speculate on the mechanistic electrochemistry responsible
for precursor formation or on the structure of the precursor
at the present time; however, it seems likely that an in-
termediate of the form AI(NH,), may play a critical role.
Additional work is in progress to elucidate the mechanistic
processes responsible for precursor formation and the
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experimental conditions that result in high yield and pu-
rity. Finally, analyses of ceramic powders formed from the
electrolysis of other metals and from mixed-metal systems
in NHg-containing electrolyte solutions are in progress.
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Most studies of solvent-free polymeric electrolytes have
focused on 1:1 type electrolytes (both anion and cation are
singly charged),! but recently this research has been
broadened to dipositive cations.”” Some of the poly-
mer-salt complexes containing dipositive cations show
good conductivity at elevated temperatures, but estimated
transference numbers of well-defined amorphous samples
indicate that these are largely anion conductors.”® The
negligible cationic conductivity may be due to the elec-
trostatic trap of the cation by the polymer ether oxygens.?
Additionally the higher cation charge should greatly in-
crease ion pairing and aggregation in the low dielectric
medium.? The challenge, therefore, is to obtain dipositive
cation conducting polymeric electrolytes with appreciable
cation mobility. In the present research, we have syn-
thesized the first magnesium conducting solvent-free po-

(1) Ratner, M. A;; Shriver, D. F. Chem. Rev. 1988, 88, 109.

(2) Fontanella, J. J.; Wintersgill, M. C.; Calame, J. P. J. Polym. Sci.,
Polym. Phys. Ed. 1985, 23, 113,

s /(3; Y2a9ng, L. L.; Huq, R.; Farrington, G. C. Solid State Ionics 1986,
18/19, 291.

(4) Patrick, A.; Glasse, M.; Lathan, R.; Linford, R. Solid State Ionics
1986, 18/19, 1063.

(5) Abrantes, T. M. A.; Alcacer, L. T'; Sequeira, C. A. C. Solid State
Ionics 1986, 18/19, 315,

(6) (a) Bruce, P. G.; Krok, F.; Evans, J.; Vincent, C. A. Abstracts. First
International Symposium on Polymer Electrolytes; St. Andrew, Scot-
lagxgc,lf 1987. (b) Bonino, F.; Pantaloni, S.; Passerini, S.; Scrosati, B. Ibid.
1987,

(7) (a) Blonsky, P. M.; Shriver, D. F.; Austin, P.; Allcock, H. R. J. Am.
Chem. Soc. 1984, 106, 6854. (b) Blonsky, P. M.; Shriver, D. F.; Austin,
P.; Allcock, H. R. Solid State Ionics 1986, 18/19, 258.

(8) Farrington, G. C.; Yang, H.; Huq, R. Proc. Mater. Res. Soc. Symp.
1989, 135, 319.

(9) Bockris, J. O'M.; Reddy, A. K. N. Modern Electrochemistry; Ple-
num Press: New York, 1970; Vol. 1.

Table I. Conductivity and Glass Transition Temperature
Data of Magnesium Conducting Polyelectrolytes

polymer® o,% (S/cm) T, K

[NP(OMEE), 7,(OC,H,S0;Mgq 5023~ 9.0 X 10® 199 (206)¢

[NP(OMePEG)lN(OCQH‘SOSMg05)006]n 5.7 X107 201 (205)

[NP(OMEE), 7,(OC,H,SO;Mgg 5)0.23- 5.1 X 10¢ 203 (207)
(2.1.1.)p.12]n

[NP(OMEE), 77(OC,H,SO3Mgg )o.23-
(2.1.1.)995]»

[NP(OMEE), 7(0C;H,S03Mggs)0.25-
(2.1.1.)046]n

[NP(OMEE), 7(OC.H,S03Mg 5)0.25
(12C4) 1,1,

[NP(OMePEG)l94(002H4503Mg05)005-
(2.1.1.)g.06]n

2OMEE, O(C,H,0),CHj;; OMePEG, O(C,H,0),CH,. ®At 110
°C. ©At heating of 40 K/min, below which no apparent transitions
could be observed. T, values were taken from the onset points.
¢Number in parentheses is the T, value taken from the midpoint
of the transition curve.

7.4 X 10% 201 (209)
7.6 X 108 201 (208)
5.4 X 107 200 (207)
2.2 X 10% 202 (207)
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Figure 1. Conductivity variation with the molar ratio of C-2.1.1
to M82+ ion at 110 °C. [NP(OMEE)L77(OCQH4SO3M80.5)0_23-
(2.1.1),],; X = 0, 0.12, 0.23, 0.46.

o x 107 (S/cm)

lyelectrolyte and studied the influence of complexing
agents on the ion transport of the magnesium ion. Pre-
vious studies in our laboratory have shown that cryptand
and crown ether complexing agents increase the conduc-
tivities of sodium poly(phosphazenesulfonates) and
amorphous PEO with NaCH4SO; salt complexes by re-
ducing ion pairing,1011

Magnesium poly(phosphazenesulfonates) were prepared
by ion exchange of sodium poly(phosphazenesulfonates)
with magnesium chloride in deionized water and were
purified by dialysis against deionized water. The sodium
poly(phosphazenesulfonates) were synthesized and char-
acterized as previously described.’> Complete replacement
of the sodium ion (Na*) by magnesium ion (Mg?*) was
confirmed by a magnesium analysis and the lack of de-
tectable amounts of sodium (<1 ppm).!® Also, no chlorine
was detected (<25 ppm),!? indicating the absence of
magnesium chloride. The polymers
[NP(OR)2_,,(0C2H4S03Mg0_5),],, [R = 0(02H40)2CH3, X
= 0.23 (1); R = O(C,H,0),CHj, X = 0.06 (2)] were ob-
tained. X-ray powder diffraction and differential scanning
calorimetry (DSC) measurements indicate that these
magnesium conductors are amorphous at room tempera-
ture. The ligand-containing polymers were prepared by

(10) Doan, K. E.; Heyen, B. J.; Ratner, M. A,; Shriver, D. F. Chem.
Mater. 1990, 2, 539,

(él) Chen, K.; Ganapathiappan, S.; Shriver, D. F. Chem. Mater, 1989,
1, 483,

(12) Ganapathiappan, S.; Chen, K.; Shriver, D. F. J. Am. Chem. Soc.
1989, 111, 4091.

(13) Analyses were done in Oneida Research Services Inc. Sodium
analysis is by ion chromatography; chlorine by X-ray fluorescence.
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