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complexation can also mediate solubility of flexible chain 
polymers just as was found for rigid-chain p~lymers.l-~ 

Unlike pure nylon 6, which is highly crystalline and 
opaque, the GaC1,-nylon 6 complex is an optically trans- 
parent, amorphous material. Figure 2 shows the DSC 
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thermograms for both the pure nylon and its GaC1, com- 
plex. The Tg of the complex is found to be 7 "C (midpoint) 
compared to a Tg value of 57 "C (midpoint) of the pristine 
nylon 6; this is a 50 "C reduction in Tg due to Lewis acid 
complexation of the polyamide. These values of the Tg 
of the pristine nylon 6 and its GaC1, complex were re- 
producible for several samples in three repeated heatings 
up to 120 "C and cooling. This significant shift in Tg after 
complexation sugests an increase in polymer free volume 
and segmental mobility of the polymer chains. In this 
respect, the GaC1,-nylon 6 polymer complex is more like 
a polymer with a bulky "side chain" than a plasticized 
polymer, although chain branching8l9 and plasticizationg 
can each lead to a Tg reduction. The very low Tg of the 
complex compared to the pure nylon 6 also suggests the 
absence of hydrogen bonds in the GaC13-nylon 6 complex. 
Further substantiation of the lack of hydrogen bonding 
in the complex was obtained from FTIR data described 
below. 

Table I shows the major bands and their assignment in 
the FTIR spectra of pure nylon 6 and its 1:l GaC1, com- 
plex. The infrared bands of the pure nylon 6 in Table I 
are of the nylon 6 film regenerated from its GaC1, complex 
by precipitation in water. It is identical in all respects with 
the reported infrared spectrum for the pristine pure nylon 
6.1° This similarity of the infrared spectra of the nylon 
6 recovered from its GaC13 complex and the pristine nylon 
6 suggests the complete reversibility of the Lewis acid 
complexation. The complete recovery of the pure nylon 
6 from its complex was further ascertained by the recovery 
of Tg, T,, and insolubility in nitromethane. The pristine 
and regenerated nylon 6 samples were also insoluble, at 
50-100 "C, in nitroalkanes, acetic acid, 3-chlorophenol, 
dimethyl sulfoxide, N,N-dimethylformamide, and chloro- 
benzene; hence intrinsic viscosity measurements could not 
be made to ascertain any possible change in molecular 
weight. These results show that the GaC13-nylon 6 solu- 
tions can be processed into the pure polymer films, coat- 
ings, or fibers. Furthermore, these results also suggest the 
feasibility of our envisioned processing of molecular com- 
posites of rigid-rod and flexible-chain polymers from ter- 
nary solutions of their complexes in organic solvents." 
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molecular composites of PBT and nylon 66 have actually been prepared 
from ternary solutions of their GaC13 complexes in nitromethane. 

A comparison of the FTIR spectra results for the pure 
nylon 6 and its GaC1, complex in Table I shows that the 
changes in the main bands are those anticipated for the 
severing of the N-H--O=C hydrogen bonds and com- 
plexation at the carbonyl oxygen site of the amide group. 
The N-H stretching band at 3293 cm-' in the hydrogen- 
bonded nylon 6 is shifted to a higher frequency (by 70 
cm-') in the complex. The amide I mode, which is known12 
to be dominated by the C=O absorption band, is shifted 
in the complex by 25 cm-' to a lower frequency because 
of the greater electron-withdrawing effect of Lewis acid 
complexation at C=O than hydrogen bonding. Our FTIR 
results and their interpretation are confirmed by similar 
results and interpretation of the infrared spectra reported 
for BF, complexes of N-methylacetamide and related am- 
ide compounds.13 

In conclusion, a stable 1:l GaC1,-nylon 6 complex has 
been prepared and found to be an optically transparent 
amorphous material in which the hydrogen bonds have 
been severed. The glass transition temperature of 
GaC1,-nylon 6 was found to be reduced by 50 "C relative 
to the pure polymer. It was found that the pure nylon 6 
was recoverable from its GaC1, complex by precipitation 
in water. These results demonstrate our concept of using 
Lewis acid complexation to modify polymer properties, 
mediate solubility and processing, and probe intermole- 
cular interactions such as hydrogen bonding in polymers. 
Work in progress is investigating the Lewis acid-base 
chemistry of other aliphatic and aromatic polyamides, 
including solution- and solid-state properties of complexes 
and preparation of molecular composites. 
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We report here that vinylbenzyl phosphonate monomers 
and polymers, oriented at water-air interfaces, provide 
matrices for the size-controlled growth of semiconductor 
particles that can be transferred, essentially intact, onto 
solid substrates. 

Preparations of (C16H350)2P(=O)CH2C6H*cH=cH2 
(VBP), poly(styrenephosph0nate diethyl ester) (PSP), and 
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A Figure 1. Surface pressur-urface area isotherm for PSP. The 
insert shows a possible alignment of the polymer on the water 
surface. 
the 1:l copolymer of PSP and poly(methy1 methacrylate) 
(PSP:PMMA) have been d e ~ c r i b e d . ~ ~ ~  Cd(N03)2, Pb(N- 
03)2, ZnC12, InC13 (Baker Analyzed Reagents), spectro- 
scopic grade CHC13 (Aldrich), and H2S (Matheson Gas 
Products) were used as received. Water was purified by 
using a Millipore Milli-Q filter system provided with a 
0.2-pm Millistack filter a t  the outlet. 

Appropriate amounts (20-50 pL) of 7.0 X lo4 M VBP, 
PSP, or PSP:PMMA solutions in CHC13 were spread onto 
the clean surface of 1.0 X M aqueous solutions of the 
desired metal salt.5 Surface pressure-surface area curves 
(Figure 1) and assessment of the surface area occupied by 
the substrate established the formation of monomeric 
VBP, polymeric PSP, and copolymeric PSP:PMMA 
monolayers.6 Slow infusion of H2S resulted in the for- 
mation of semiconductor particles a t  the oriented mono- 
layer-water interface. Nucleation a t  the surfactant 
headgroups was followed by two-dimensional particle 
growth to cover the entire monolayer. Subsequently, the 
particulate semiconductor film grew in thickness perpen- 
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Figure 3. Transmission electron micrographs of CdS (A), ZnS 
(R), PbS (C), and In&,  (D) formed on PSP polymer interfaces. 
The bar corresponds to 500 A. 

dicular to the plane of the monolayer. All of the incipient 
particles were supported by the monolayer, and there was 
no observable coloring (or semiconductor formation) in the 
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Figure 2. Absorption spectra of CdS (a) and ZnS (b), in situ generated in PSP interfaces and subsequently transferred to a quartz 
substrate. Plots of against ha (according to eq 3) are also shown for CdS (c) and ZnS (d). Intercepts of these plots gave the 
direct bandgap, E,, of the semiconductor particulate film a t  the given thickness. 
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Figure 4. Constant current STM of 750 A X 750 A image of CdS particles. The  particles were in situ formed a t  PSP polymer 
monolayel-water interfaces by exposure to H& (for ca. 20 min to form a 30 f 5 A thick particulate film) and subsequently transferred 
to HOPG. Figure 4 is a three-dimensional image; the insert shows a bird's-eye view of the  same area in two dimensions ( x  and y axes 
are on the same scale as in the three-dimenisonal plot). 

aqueous subphase. Strong electrostatic and particle- 
particle interactions are, presumably, responsible for 
maintaining the particulate semiconductor film a t  the 
monolayer interface. Formation and thicknesses of par- 
ticles were monitored by reflectivity measurements on the 
monolayer surface.' The reflectivity and, hence, the op- 
tical thickness of the growing semiconductor particles in- 
creased steadily to a plateau value. The rate of growth and 
the optical thickness of the semiconductor particles formed 
depended markedly on the rate of H2S infusion. In gen- 
eral, slower infusion of H2S led to slower formation of 
thinner particles (Table I). 

Dependence of the intensity of the reflected light on the 
incident angle ((3,) a t  the monolayer-water interface prior 
(Ro) and subsequent to H2S infusion (Rs) allowed the as- 
sessment of the effective refractive index of a given in situ 
grown semiconductor particulate film (n,). The angle a t  
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Table I. Semiconductor Particulate Film Formation at 
Mono- and Poly[ (vinylbenzyl)phosphonate] Interfaces 

matrix 
VBP 
PSP 
PSP 
PSP 
PSP 
PSP 
PSP:PMMA 

semicond 
CdS 
CdS 
CdS 
ZnS 
PbS 
In2Ss 
CdS 

time to 
reach 

plateau, 
min 
26e 

12d  
2oc 

140' 
2od 
19oc 
26e 

&,a A 
680 
645 
840 
780 

1100 
500 
680 

nsb n$ Fd 
2.14 2.53 0.67 
2.14 2.53 0.68 
2.14 2.53 0.68 
1.77 2.38 0.36 
2.56 3.92 0.60 
1.86 3.90 0.22 
2.14 2.53 0.69 

"Optical thickness of the semiconductor particular film at the 
plateau of its formation. Calculated by using nmP = 1.48, nwp = 
1.51, nmEPMMA = 1.44 determined separately.' Effective refrac- 
tive index of the semiconductor particular film. Determined by 
means of eq 1. 'Refractive indices of bulk crystalline semicon- 
ductors taken from : The Handbook of Chemistry and Physics; 
CRC Press: Boca Raton, FL, 1988/89. dFraction of particles on 
the semiconductor particulate film, calculated from eq 2, assuming 
the surrounding medium to be monomer and polymer molecules 
with n, = 1.51, 1.48, and 1.44 for VBP, PSP, and PSP:PMMA, 
respectively. e H2S injected into the subphase. fH2S infused into 
the closed area surrounding the monolayer trough. 

which the eo vs Ro curve crossed the Ro vs Rs was equated 
with the Brewster angle of the corresponding semicon- 
ductor particulate film (OB), which is, in turn, related to 
n, by 

n, = tan 8B (1) 
Values of n, are considerably smaller than those deter- 
mined for bulk crystalline semiconductors (Table I) and, 
hence, indicate the formation of a porous particulate 
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semiconductor film.8 The volume fraction of particles, 
F,  was assessed fromg 

where n B  and n, are the refractive indexes of bulk crys- 
talline semiconductors (Table I) and the surrounding 
medium. It is interesting to note that different particulate 
semiconductors organize themselves to different packing 
(see F values in Table I). 

The semiconductor particulate films, formed at  the 
mono- and poly[ (vinylbenzyl)phosphonate] interfaces, were 
transferred to solid substrates by horizontal lifting. 
Well-cleaned quartz (chromic acid and dust-free water), 
celluloid-coated copper grids, and highly oriented pyrolytic 
graphite (HOPG, Union Carbide, freshly cleaved) were 
used for absorption spectrophotometry, transmission 
microscopy, and scanning tunneling microscopy, respec- 
tively. 

Optical thicknesses of films on quartz prisms were also 
determined by reflectivity measurements. The optical 
thickness of a given particulate film on a glass prism was 
only 443% smaller than that determined on the monolayer 
surface prior to its transfer. 

Absorption spectra of typical CdS and ZnS particulate 
films are shown in Figure 2. The simultaneous presence 
of fine structures (maxima and shoulders) and absorption 
edges situated at relatively long wavelengths is explicable 
by assuming the presence of a broad distribution of sem- 
iconductor particles, ranging from ultrasmall size-quan- 
tizedlo to relatively larger ones, in the particulate films. 
The broad size distribution, already observed in the 
thinnest film, remained essentially unaltered in the thicker 
films formed from the same semiconductor. Direct 
bandgaps, E, values, were obtained from the intercepts of 
plots of the data according to eq 3, where cr is the ab- 

(3) 

sorption coefficient ( A  = crd where A is the absorbance and 
d is the optical thickness of the semiconductor particulate 
film determined from reflectivity measurements) and h w  
is the photon energy. Typical plots of the left-hand side 
of the equation against hw are also shown in Figure 2. 
Values of Eg for CdS particulate films of d = 75,130,180, 
and 330 A were assessed to be 2.59 (478 nm), 2.56 (485 nm), 
2.49 (498 nm), and 2.44 eV (507 nm). Similarly, E, values 
of ZnS particulate films of d = 110, 180, and 280 A were 
calculated to be 3.71 (334 nm), 3.69 (336 nm), and 3.67 eV 
(338 nm). Values of 2.2 (558 nm) and 3.84 eV (323 nm) 
were similarly derived for the 270-A-thick PbS and the 
350-A-thick In2S3 particulate films. 

Transmission electron microscopy indicated the pre- 
dominance of 75- and 80-A-diameter particles of CdS and 
ZnS (Figure 3). In contrast, PbS appeared to form large 
cubic microcrystalline structures and the initially formed, 
very small In2S3 particles appeared to aggregate to larger 
structures (Figure 3). 

Thin semiconductor particles, deposited on HOPG, were 
imaged in air by scanning tunneling microscopy (STM) 
using an Angstrom Technology (Mesa, AZ) Tak 3.0 in- 

(ahw)2 = hwC - E,C 
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strument operated in the constant-current (1.0 nA) mode, 
STM images were scanned at five lines per second at  &500 
mV tunneling voltage (tip vs substrate) and plotted on a 
CP 200 U Mitsubishi color video processor. STM images 
were taken on several separately prepared samples, and 
for each sample, data were taken at 10 different areas. The 
observed images showed particles with 20-30-A widths and 
heights, which often formed loosely interconnecting 
structures (Figure 4). 

In summary, functionalized monolayers have been 
shown to provide highly suitable matrices for the prepa- 
ration of size-quantized particulate semiconductor films 
that could be transferred to a solid support. The metho- 
dology described here will allow the development of uni- 
que, nanosized electronic devices whose construction and 
examination are the subject of our current and intense 
scrutiny. 
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By increasing realizable chromophore number densities 
while impeding structural disorientation processes follow- 
ing electric field poling, chromophore-functionalized glassy 
polymer~l-~ represent an advance in macromolecular sec- 
ond harmonic generation (SHG) materials! Nevertheless, 
structural relaxation/physical aging p r o c e s s e ~ , ~ ~ ~  which 
erode poling-induced noncentrosymmetry and hence limit 
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