
subsurface weathering zone. T h e  longevi- 
ty of these less coherent surface boulders 
is reduced, which together with the selec- 
tive disappearance of older boulders de- 
creases the mean exposure age of surface 
boulders. T h e  uossibilitv that  mean exuo- 
sure ages of boulders on  the crest of a 
younger moraine could exceed those o n  
a n  older moraine was apparently not  con- 
sidered by Phillips and co-workers (5), 
who interpreted their cosmogenic dates as 
suggesting that  the  previously accepted 
chronology for the older moraines should 
be reversed (Fig. 2A). 

Factors absent from the model, such as 
the attritional loss of cosmogenically en- 
riched outer parts of boulders and prior 
exposure, introduce additional uncertain- 
ty into the interpretation of cosmogenic 
surface exposure ages. In view of these 
com~licat ions and uncertainties, chronol- 
ogiei based o n  cosmogenically determined 
boulder ages may generally differ from 
lateral moraine-age sequences that are 
based o n  geomorphic arguments and stra- 
tigraphy. Such differences, rather than 
complete accord, are to be expected, par- 
ticularly for older moraines. Contrary to  
common assertions (14), moraines with 
identical exposure ages are not  necessarily 
correlative (Fig. 2B). 

Our model yields considerable insight 
into the diverse consequences of erosion 
and weathering o n  exposure-age dating of 
moraines and provides ample motivation 
for refining the modeling of these process- 
es. More generally, our theoretical con- 
siderations highlight the need t o  comple- 
ment advances in the use of cosmogenic 
isotopes to  date geomorphic surfaces with 
detailed examination of the dynamic na- 
ture of landforms and of the universally 
present processes of weathering, erosion, 
and deposition. 
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Controlling Molecular Order in "Hairy-Rod" 
Langmuir-Blodgett Films: A 

Polarization-Modulation Microscopy Study 
V. K. Gupta, J. A. Kornfield,* A. Ferencz, G. Wegner 

The interplay of molecular weight, layer thickness, and thermal annealing in controlling 
molecular order in ultrathin Langmuir-Blodgett films is characterized with the use of 
polarization-modulation laser-scanning microscopy. The degree and direction of molec- 
ular alignment can be imaged rapidly and sensitively through the magnitude and orien- 
tation of linear dichroism in Langmuir-Blodgett films of rodlike poly(phthalocyaninatosi- 
loxane) (PcPS). Images are presented for films as thin as two molecular layers (-44 
angstroms). Molecular alignment along the transfer direction is much stronger for films of 
PcPS with -25 repeat units (-1 0 nanometers long) than for those with -50 repeat units 
(-20 nanometers long). Enhancement of alignment by thermal annealing is also much 
greater for PcPS-25 than PcPS-50. Intimate interaction with the substrate suppresses 
improvement in alignment by annealing, evident by an anomalously small increase in 
anisotropic absorption of the first two layers. 

Molecula r  orientation plays a key role in 
the combined areas of polymer physics, 
condensed matter physics, and thin-film 
technology because it determines the use- 
ful properties of a large class of materials. 
For example, a high degree of alignment is 
the  basis of improved mechanical, optical, 
and electrical properties in almost all 
polymers and in the technological appli- 
cation of liquid crystalline and other me- 
soscale-ordered systems. Consequently, it 
is necessary to  understand the  correla- 
tions among molecular order, material 
properties, and fabrication procedures. 
Toward this end, we developed a n  optical 
technique t o  image molecular order and 
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study Langmuir-Blodgett (LB) films of a 
rigid-rod polymer. 

T h e  high degree of order in  LB films 
opens potential applications as nonlinear 
optical systems, molecular templates for 
protein crystallization, insulating or pat- 
terning layers in microelectronic devices, 
and selective layers in  biosensors ( 1 ) .  Ex- 
perimental characterization of the degree 
and direction of alignment in films as thin 
as a few nanometers is required in  order t o  
understand how molecular design and 
processing strategies lead to the ultimate 
state of alignment. " 

Various spectroscopic methods have 
been used to examine the structure, uroD- . &  . 
erties, and molecular arrangement of LB 
films ( 1 ,  2 ) ;  however, detailed character- 
ization of molecular order has been lack- 
ing because these spectroscopic tech- 
niques average over large areas of films a 



few layers thick. Information at molecular 
resolution can be obtained by direct im- 
aging with transmission or scanning elec- 
tron microscopy (TEM or SEM) (3-6), 
scanning tunneling microscopy (STM) 
(3, 7, 8), or atomic force microscopy 
(AFM) (7, 9), but only for a limited 
number of systems. Compounds that typ- 
ically form LB films cannot withstand the 
irradiation in TEM or SEM. and even for 
organic compounds that. are hardy 
enough, low dose imaging is required. 
Films have to be prepared on special elec- 
tron microscope (metal) grids covered 
with carbon, which involves significant 
changes in either the deposition proce- 
dures (film flotation or horizontal deposi- 
tion) or in the deposition dynamics (dip- 
ping of grid-attached substrates). As most 
LB films are insulating, investigation with 
STM has to be performed on conductive 
substrates. Imaging with AFM requires 
that molecules of interest be rigidly 
mounted and immobilized with well-de- 
fined orientation to avoid damage by 
physical contact. Because the complex 
microstructure in these organic films de- 
 ends intricatelv on a combination of 
molecular structure, deposition dynamics, 
substrate properties, and post-treatment, 
meaningful structure-property relations 
have to be established under conditions 
closer to those in potential manufacturing 
processes. Therefore, techniques such as 
TEM, SEM, STM, and AFM are unsuit- 
able for the characterization of molec- 
ular alignment that is required to 
study these relations. In contrast, optical 
measurement techniques are noninvasive 
and nondestructive, have fast response 
times and high sensitivity, and can be 
used to perform measurements under am- 
bient conditions. However, established 
optical tools cannot perform quantitative 
imaging of molecular order in ultrathin 
films. 

We have addressed the need for rapid, 
sensitive imaging of molecular orienta- 
tion by developing polarization-modula- 
tion laser-scanning microscopy (PM- 
LSM). This method allows us to image 
the optical anisotropy (dichroism, the 
anisotropic absorption, and birefringence, 
the anisotropic retardation) of materials 
with polarized light. In structurally aniso- 
tropic materials, the magnitude and ori- 
entation of the optical anisotropy can be 
directly related to the orientational cor- 
relation that exists in the material, in 
particular, the orientation of the optical 
axis and the degree of order. Thus, it 
becomes possible to quantify the orienta- 
tion field in the sample by the pattern of 
birefringence or dichroism that is ob- 
served. We have combined scanning op- 
tical microscopy ( 10) and polarization- 
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Fig. 1. Linear dichroism field at the boundaries between two regions covered with different numbers of 
molecular layers of PcPS-25. The anisotropy in absorption (v) has been color-coded from dark red to dark 
blue as the magnitude increases (see color scale). (A through C) Images of the unannealed sample. (D 
through F) Images after annealing. (G through I) Vettical line averages of v as a function of distance along 
the image (red, unannealed sample; blue, annealed). In (A), (D), and (G), the boundary is between bare 
glass and two layers. In (B), (E), and (H), the boundary is at the two- to four- layer edge. In (C), (F), and (I), 
the boundary is at the four- to six-layer edge. 

modulation polarimetry (1 I ) to perform 
simultaneous acquisition of both the mag- 
nitude and orientation of the birefrin- 
gence or dichroism (1 2). Because it uses a 
bright, monochromatic, collimated 
source, the laser scanning system intrin- 
sically provides significantly greater sen- 
sitivity and higher speed of image acqui- 
sition (more than 2000 pixels per second) 
than previous techniques. We have used 
PM-LSM to image, pixel by pixel, the 
molecular order in LB films as thin as two 
molecular layers (-44 A). 

We investigated the interplay of mo- 
lecular ~ r o ~ e r t i e s  and surface interactions . L 

in the determination of molecular order 
in de~osited films and its mani~ulation bv 
subsequent processing steps. To achieve 
this end, we imaged the molecular orien- 
tation and order in ultrathin LB films of a 
"hairy-rod" polymer that has asymmetri- 
cally alkoxy-substituted phthalocyanines 
linked together by a siloxane backbone 
[tetra(methoxy)-tetra(octy1oxy)-phthalo- 
cyaninatopolysiloxane (PcPS)] (13, 14). 
The phthalocyanine-based rodlike poly- 
mers are ideal candidates because the 
phthalocyanine molecule is a dye that is 
optically anisotropic. Under visible light, 
PcPS absorbs strongly and exhibits a max- 
imum absorption anisotropy at wave- 
lengths around 550 nm. Cofacial arrange- 
ment of the phthalocyanine rings with 
siloxane linkages results in anisotropy 
with a principal axis along the rod. Weg- 
ner and co-workers have found that in 
deposited films of asymmetrically substi- 
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Fig. 2. Anisotropy of absorption (v) for different 
laver thickness in as-de~osited and annealed 
LB films of (A) PcPS-25 &d (B) PcPS-50. The 
solid and dashed curves are drawn to guide the 
eye. 

tuted phthalocyaninato-polysiloxane, the 
rodlike molecule lies in an orientationally 
ordered state (5, 13, 15). 

To study the effect of molecular 
weight, we prepared films of PcPS with 
-25 (PcPS-25) and -50 (PcPS-50) re- 
peat units (estimated from high-resolu- 
tion electron micrographs). To under- 
stand the variation of molecular order 
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- 3  E and F, and H and I). Because longer 
rodlike molecules generally have a higher 
degree of local order, this decrease in 
alignment with increasing molecular 
weight suggests a reduction in the me- 
soscale order in transferred films from 
PcPS-25 to PcPS-50. The order in the 
transferred film of PcPS-50 is not only 
lower than that of PcPS-25 but also is less 
amenable to refinement with annealing 
(Fig. 2B). Again, this difference may sug- 
gest that mesoscale disorder is present. 
Thermal treatment may increase align- 

Distance (prn) " Distance (pm) ' Distance (pm) ment within domains in the PcPS-50 
200 400 600 200 400 600 llo-j films; however, if these domains have a 

wide distribution of orientation, no mac- 
roscopic improvement in alignment is 

% achieved by annealing. 

10 

w 
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contrast, the degree of molecular reorien- 
tation is larger in successive layers of the 
LB film (Fig. 1, B versus E and C versus 
F). This change can be seen easily in 
the line averages in Fig. lG, where the 
step jump in going from bare glass to a 
region of two layers remains almost un- 
changed after annealing, and is in distinct 
contrast to change in the step heights in 
Fig. 1, H and I. Intimate interaction be- 
tween the substrate surface and adjacent 
layers strongly affects the refinement of 
order, and the strength of this interaction 
decays with layer thickness (Fig. 2A). 
Beyond as few as four layers, the degree of 
reorientation during annealing becomes 
insensitive to the presence of the sub- 
strate. 

The longer PcPS-50 also exhibits in- 
creasing v with an increase from two to 
six molecular layers. However, in compar- 
ison to the shorter PcPS-25, the anisot- 
ropy of absorption for each film thickness 
is significantly lower in PcPS-50 films. 
The region covered with two molecular 
layers shows almost no increase in v upon 
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