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The creation and stabilization of microstructural acen- 
tricity is central to the successful design of polymeric 
materials with large quadratic optical nonlinearities.' 
While significant preferential alignment of chromophore 
molecules doped into polymer glasses can be achieved by 
electric field poling,2 the pronounced temporal instability 
of such alignment,3 and hence the temporal instability of 
second harmonic generation (SHG) characteristics, remains 
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Figure 1. Tempora l  characteristics a t  room temperature  of the  
second harmonic coefficient d, for poled NLO chromophore-epoxy 
T i s  containing 4-(dimethylamino)-4'-nitrostilbene (0) or Disperse 
Orange 1 (A); (A) short- term decay; (B) long-term decay. Solid 
lines are the  numerical  fit t o  eq 4. 

an unsolved problem. These disorientation effects are a 
natural consequence of the dynamic processes by which 
glassy polymers undergo physical aging/relaxation to 
minimum free v01ume.~ We recently reported a promising 
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approach to chromophore immobilization in which high-p, 
nonlinear optical (NLO) chromophores are covalently 
bound to the backbone of a high-Tg,TB glassy p01ymer.~ 
We communicate here the development of a second, com- 
plementary approach in which a high-@ guest chromophore 
is dispersed in an optically transparent host matrix that 
can then be simultaneously poled and chemically cross- 
linked.6 

In this work, a two-component optically transparent 
thermosetting epoxy,' EPO-TEK 301-2,8 was employed as 
the cross-linkable host matrix. The cross-linking chemistry 
is of the type shown in eq 1. The high+ molecules 4- 
O ~ R T O  + H2N-RR'-NH2 - 
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(dimethylamino)-4'-nitrostilbene (DANS) and Disperse 
Orange 1 ( D o l )  were chosen as the NLO guest chromo- 
phores. These contain no unhindered functional groups 
which would be expected to readily undergo reaction with 
the epoxy component of the matrix. Thus, dry acetone 
or dichloromethane solutions of the chromophores were 
stirred with the epoxy resin, and the solvent was stripped 
from the solution under high vacuum. The chromo- 
phore-doped epoxy resin was next thoroughly mixed 
(vortex mixer using glass beads) with the appropriate 
quantity of amine cross-linker, and the resulting fluid in- 
troduced between transparent IT0 glass electrodes by 
using capillary action (to exclude air bubbles). The sep- 
aration between the electrodes was defined by 15-150-pm 
Teflon or Mylar foil spacers. Partial cross-linking of the 
matrix at 80 O C  prior to poling was found to be necessary 
to avoid dielectric breakdowng Poling fields of 2 X lo4-6 
x IO5 V/cm were then gradually applied and maintained 
for measured periods of time at  80 OC. Films were cooled 
to room temperature prior to removal of the field. SHG 
measurements a t  1064 nm were carried out in the p-po- 
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larized geometry using the Q-switched Nd:YAG laser 
system and calibration techniques described previou~ly.~J~ 

Second harmonic coefficients (d33)  of the poled films 
were estimated from the angular dependence" of the 
second harmonic signal intensity assuming that 1/3d33 = 
dS1 = d24 = d15. Typical initial d3, values were found to 
be in the range (0.1-1.0) X lo4 esu. Such magnitudes agree 
well with those expected for the chromophore number 
densities employed (N  = (0.4-1.9) X 1019 ~ m - ~ ) ,  assuming 
literature pp,,, values and the applicability of an isolated 
chromophore, molecular gas description of the field-in- 
duced chromophore orientation process (eq 2 and 3).2,5 

d33 = N f 2 " f " f " p 2 d ' 3 ( P )  (2) 

PPEp 
P = F  (3) 

Here p is the chromophore dipole moment, E, is the poling 
field, the f s  are local field factors, and L3 is the third-order 
Langevin function. No SHG was observed for unpoled 
samples or for the poled, undoped epoxy matrix. 

The temporal characteristics of d33 are illustrated for 
typical poled, maximally cross-linked (as judged by FT-IR 
studied2 of identical films heated a t  80 " C  between KBr 
plates) chromophore/epoxy matrices over short and long 
time periods in Figure 1. Most striking is the enhance- 
ment in overall SHG temporal stability compared to 
non-cross-linked guest-host  system^.^,^ As in the case of 
chromophore-functionalized  polymer^,^ the decay data 
could not be fit to a single exponential. More satisfactory 
numerical fits to a double exponential (eq 4) are shown in 

(4) 
Figure 1. Such bimodal behavior is plausibly associated 
with disparate chromophore reorientation rates in regions 
of free volume above and below a certain critical free- 
volume t h r e ~ h o l d . ~ t ~ * ' ~  Derived fitting parameters for the 
present d33( t )  data are T~ = 7, T~ = 72 days for the 
DANS-containing matrix and T~ = 8, T~ = 142 days for the 
Dol-containing matrix. A correlation between decay time 
and chromophore dimensions has been noted previously3b 
and, in the present case, likely reflects the diminished 
mobility of the more massive DO1 chromophore molecule. 

Further insight into the response of chromophore mo- 
bility to the matrix cross-linking/densifi~ation~~J~ process 
is provided by in situ  measurement^'^ of the SHG signal 
intensity as a function of temperature, poling field, 
and matrix curing time. In these experiments, film sam- 
ples prepared as above were subjected to repeated cycles 
of curing (88 f 1 "C) in a poling field, cooling to room 
temperature, and removal of the poling field. Although 
detailed numerical analyses of the data are still in progress, 
two effects are immediately evident in the data (Figure 2). 
As anticipated from the Boltzmann-like form of eq 2 and 
3, decreasing the sample temperature from 360 to 300 K 
is accompanied by a corresponding increase (ca. 40% is 
predicted) in P. While such behavior is not unexpected 

d 33 = Ae-f/'l + Be-t/'z 
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Figure 2. Response of the 532-nm second harmonic signal in- 
tensity pw of a Disperse Orange 1-epoxy film to curing time, 
temperature, and electric poling field. The time ordinate gives 
total accumulated curing time while the arrows indicate the time 
of removal of the 4.8 X lo4 V/cm poling field. Not shown: The 
temperature was returned to 88 "C and the poling field reapplied 
after each experimental sequence. 

in more fluid examples (e.g., Figure 2a,b), the relatively 
rapid response at  higher cross-linking levels (Figure 2c,d) 
indicates significant residual orientational mobility (at least 
over relatively small angular excursions and at 88 OC-vide 
infra). For lightly cross-linked samples, removal of the 
poling field results in a precipitous drop in P, followed 
by a leveling-off (Figures 2a,b). As the matrix cross-linking 
process progresses, the magnitude of the room-temperature 
zero-field decline steadily decreases, and Po at  the level- 
ing-off point correspondingly increases. An attractive 
explanation for this behavior, which is in accord with the 
bimodal d33(t)  data (vide supra), invokes a decreasing 
component of the free-volume distribution greater than 
the critical threshold for chromophore reorientation as the 
degree of matrix cross-linking increases. That P in Figure 
2d responds rapidly to the temperature drop but not to 
the removal of the poling field can be explained by the 
closer temperature proximity of the former process to the 
matrix Tg (ca. 70-75 "C). 

These results demonstrate that polymeric frequency- 
doubling guest-host materials with improved temporal 
stability can be formed by orienting/immobilizing NLO 
chromophores within chemically cross-linkable matrices. 
Moreover, the fluid character of the non-cross-linked 
precursor solution suggests the possibility of novel pro- 
cessing/fabrication approaches. Beyond the realm of NLO 
materials, it is evident that such SHG studies also provide 
valuable information on free-volume and motional char- 
acteristics in cross-linkable polymers that complements 
information accessible via photoisomeri~ation,~J~ electro- 
chromism,16 and other Further studies of 
chemically based NLO chromophore immobilization pro- 
cesses are under way. 
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The position of Ag directly below Cu in group IB of the 
periodic table suggests that silver chemistry may provide 
a route to novel, high-temperature superconductors 
analogous to the now famous cuprate superconductors. In 
fact, some 20 years before the discovery of the supercon- 
ducting cuprates the highly oxidized silver compounds 
Ag+[Ag608]X- (X- = NO3-, F-, BF4-) were shown to be 
superconducting with transition temperatures of 1.04,0.3, 
and 0.15 K, respectively.' However, few silver oxides are 
known because of thermal instability with respect to ele- 
mental silver. Compounds with Ag either as a ternary 
cation as in AgNbO, or as the active cation would be a 
source of potentially interesting materials. No cuprates 
with Ag as a ternary cation have been reported, and sub- 
stitution of Ag for Cu in BazYCu30, resulted in replace- 
ment of no more than 1.5 at. % of Cu by Ag.3v4 

This communication reports substantial Ag substitution 
for Cu in Pb2Sr2(Y,Ca)Cu308, a class of cuprates with Tc's 
as high as 70 K, recently discovered by Cava et al.4 The 
same series of cuprates was found independently by Su- 
bramanian et aL5 The structure of the prototype cuprate 
Pb2Sr2YCu308 is shown in Figure 1; it contains layers of 
corner-shared square-pyramidal [CuO,] units (Cu(2)) sim- 
ilar to those in Ba2YCu,0, separated by a bilayer of 
edge-shared square-pyramidal [Pb05] units in turn sepa- 
rated by linear two-coordinate Cu(1) atoms similar to those 
in Ba2YCu30,. The average oxidation state of copper in 
Pb2Sr2YCu308 is +5/3, consistent with formal copper ox- 
idation states of +2 in the Cu(2) sheets and +1 for the 
linearly coordinated Cu( 1) atoms. Pb2SrzYCu308 is a 
semiconductor; superconducting phases are prepared by 
partial substitution of divalent ions for Y3+, which results 
in a compensating oxidation of the Cu(2) sheets leaving 
the overall oxygen stoichiometry and the formal valence 
of the Cu(1) layers unchanged. The results described 
below prove that single-phase materials of composition 
Pb2Sr2YCu3,Agx0, can be prepared for x I 0.55 and that 
the silver in these materials occupies the linear Cu( 1) sites 
of the Pb2Sr2YCu308 structure. It will be shown that 
chemical considerations substantially reduce the amount 
of silver that can be substituted into the superconducting 
phases Pb2Sr2Yi,CayCu308 (y I 0.5) but that some Cu/Ag 
substitution can be achieved with little effect on the su- 
perconductivity. 

The silver-substituted phases Pb2Sr,YCu3-,Agx08 (0 I 
x I 0.55) were prepared as follows: stoichiometric quan- 
tities of SrC03, Y203, CuO, and Ag20 were ground together 
and heated in air a t  840 "C for 24 h with one intermittent 
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