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Study of Flow in a Smectic Liquid Crystal in the 
X-Ray Surface Forces Apparatus ~ 
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We describe the newly invented X-Ray Surface Forces Apparatus IX-SFA) 
w h i c h  a l l o w s  the  SiUlLlltaneous n leasu re l l l en [  o1 [ 'orces ;.lnd collective s t r u c t u r e s  

of confined complex Iluids under stalic and flow conditions. The structure of the 
smectic liquid crystal gCB 14-cyano-4'-octylbiphenyll conlined between two 
m i c a  surfaces with separation ranging from 4(111(I to 211,O(1(1 A was recast.red. At 
small gaps and no shear, the smectic layers take on distinct stable orientations, 
including the bulk Ibrbidden "h'" orientation, which persist under low shear 
(~:<~ 30 s I I. However. at higher shear rates I;:= 36(1 s i ) ,  the shear acts to 
dramatically order and align the smectie layers into a single "'a'" orientation. 

KEY WORDS: confinement: SFA: Surface Forces Aparatus: X-Ray Surface 
Forces Apparatus: XSFA. 

1. I N T R O D U C T I O N  

U n d e r  m o s t  e x p e r i m e n t a l  o r  prac t ica l  c i r c u m s t a n c e s ,  the  bulk  p r o p e r t i e s  

of  s m a l l - m o l e c u l e  fluids u n d e r  flow can  be d e s c r i b e d  wi th  the classical  

t h e o r y  o f  N e w t o n i a n  h y d r o d y n a m i c s  [ 2 ] .  H o w e v e r ,  in c o m p l e x  fluids tha t  

man i fes t  s o m e  larger  scale d i m e n s i o n ,  such  as co l lo ida l  s u s p e n s i o n s ,  

p o l y m e r i c  so lu t i ons ,  and  l iquid crys ta ls ,  this classical  t h eo ry  b r eak s  d o w n  
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and  new n o r m a l  stress terms mus t  be in t roduced  in to  the h y d r o d y n a m i c  
equa t ions .  Weissenberg  [ 3 ] was a m o n g  early workers  to app ly  these n o r m a l  
stress terms in a s tudy of sur fac tant  so lu t ions  unde r  flow. The  efl'ects of  
flow m complex  fluid systems are of  high technologica l  impor t ance ,  such as 
in the area of s p i n n i n g  of po lymer  fibers [4,  5].  

X-ray difl 'raction studies have p roven  useful m the s tudy  of  complex  
fluids unde r  flow. The l iquid crystal  8CB (4 -cyano -4 ' - oc ty lb ipheny l ) ,  which 
forms bo th  a smectic and  a nemat ic  phase close to r o o m  tempera tu re ,  has 
been s tudied with an X-Ray Coue t te  Shear  Cell [ 6 ] .  With  this t echn ique ,  
and  fol lowing the no t a t i on  of Meicowicz [ 7 ]  (see Fig. 1A), it was deter-  
mined  that the sheared smectic phase took on  ei ther  the "a'" o r i en t a t i on ,  in 
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Fig. I. I AI Description of tile real-space orienhitions 
of a smectic liquid crystal under Ilow. Iollowing the 
notation due tO bleicowicz [ 7]. ("a") The layer normal 
is along the z direction: ("h") the kiyer normal lies 
along the shear direction restihing in the deformation of 
the layers under flow: and ("c") the layer norull.:il is 
along the velocity gradient, allowiug the layers to slide 
over each other. I B ) Sketch of the three possible orien- 
tations of the smectic layers along a curved surface. 
(C) Model of the hiyer orientations seen in SOB 
between two hard surfaces with :i 5()f)(I-A separation 
showing the three distinct orientations discussed m the 
text. 
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which the individual molecules are free to roll over each other, or the "'c" 
orientation, where the layers can slide fi'eely over each other. The "h'" 
orientation, which implies the breakdown of the smectic layers, was never 
observed. 

In contrast with the nonequilibrium effects of flow, confinement of a 
sample between two surfaces produces strong equilibrium constraints on 
the structure [8] .  These include changes in the collective structure ot" the 
trapped molecules in simple or complex fluids of molecular aggregates such 
as polymers, vesicles, biomembranes, or colloidal suspensions in a liquid 
[8 13]. The density and structural order in these types of systems have 
also been shown to change by molecular dynamics simulations [ 14]. This 
is especially true as the confinement gap is decreased down to an inherent 
length scale in the system, such as a molecular size. The effects of confine- 
ment in porous media have been studied with spectroscopic (see, e.g., 
Ref 12 ), calorimetric [ 13 ], and neutron diffraction [ 15 ] techniques. The 
Surlace Forces Apparatus (SFA) has been used to measure friction, direct 
force, and rheological properties of fluids confined in a well-characterized 
gap [ 8-10 ]. The newly developed X-Ray Surface Forces Apparatus (X-SFA I 
[1, 16] has recently been used to image directly the collective structure 
of a confined complex fluid with a well-known gap fox" the first time. This 
apparatus is the only current technique that can be used to image directly 
a confined complex fluid and is not destructive to the sample. 

In this paper, we will discuss the details of perlbrming experiments 
with the X-SFA, including a description of newly designed surl:aces which 
greatly reduce the background scattering levels measured during the experi- 
ment. We will then discuss some results we have obtained using this device 
to study 8CB under flow and confinement. 

2. E X P E R I M E N T S  

The x-ray diffraction experiments were conducted at the multipole 
wiggler beamlines 6-2 and 10-2 at the Stanlbrd Synchrotron Radiation 
Laboratory (SSRL). A Sill l l) monochromator  was used to select an 
8-keV x-ray beam lbcused on the sample position. This beam was further 
defined by a 125-/tm pinhole located a few inches from the sample. Diffrac- 
tion patterns were then measured either with a Bicron scintillation detector 
providing one-dimensional diffractograms, or a 180-mm-diameter MAR 
image plate two-dimensional detector. 

The X-SFA is based on the conventional Surface Forces Apparatus 
(Mk Ill) [17].  This apparatus allows the gap between two atomically 
smooth surfaces to be adjusted from a few angstroms to several microns 
with angstrom resolution. A photograph of the X-SFA is shown in Fig. 2. 
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Fig. 2. Photograph of the X-Ray Surlilce Forces Apparatus as described m the 
~¢XI. 

The surfaces typically used in the SFA are made of solid glass cylindri- 
cal lenses that have been covered with atomically smooth cleaved mica. 
The curvature of each surface allows a single point of contact to be created 
between the two surt:aces. The surfaces in the X-SFA were modified to 
allow direct x-ray access to the confined sample. Two different types of 
surfaces were developed for these experiments, which we refer to as a hard 
surface and a sol1 surface. 

The hard surface is schematically illustrated in Fig. 3A. These surfaces 
are constructed from 2-ram-diameter, thin-walled quartz capillary tubes, to 
which the cleaved mica is glued. An x-ray beam must then pass in transmis- 
sion through the four glass surl;aces, two mica surfaces, as well as the glue 
bonding the mica to the glass. To minimize the effects of scattering from 
the glass and glue, we have recently developed the "soft" surfaces shown 
in Fig. 3B. Here, conventional cylindrical lenses with a radius of 20 mm 
have a tapered hole drilled through them to allow x-ray access. The 
holes are then covered with a thin mica sheet. This then eliminates any 
scattering contribution from the glass and glue seen in the hard-surface 
technique: the only background scattering is due to the single-crystal mica 
surfaces, which is well understood. Shear is performed on the sample 
by continuously sliding one surface with respect to the other using an 
oscillatory motion. 
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Fig. 3. (A) Sketch of the two crossed cylinders that 
are used to lbrm the hard surlhces described in the text. 
The path of tile x-ray beam in transmission through 
the two mica surfaces and the sample can bc seen. 
(B) Drawing of the two discs used in the soft-st, rface 
experiments. 

3. D I S C U S S I O N  

Diffraction results from the experiments conducted with 8CB confined 
by the hard surfaces are summarized in Fig. 4, which shows the al ignment  
observed in the "a"-"b"  plane with a 4000-A gap. The rotat ion angle Z 
corresponds to the angle by which the surfaces have been rotated about  the 
incident x-ray beam as shown in Fig. I C. The long axes of the surfaces are 
oriented at Z = +45c'. Figure 4C shows the order present with no shear 
acting on the sample; it can be seen that the smectic layers are ordered in 
three discrete orientat ions,  7, = +45°  and Z = 0'~, with the layer normals  
point ing either along each cylindrical axis or at a 45 ~ angle to the axis. 
These or ientat ions are shown in Fig. IC. When the top surface is sheared 
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with respect to the bottom surface, the diffractograms seen in Fig. 4A and 
B are observed. Clearly, the results obtained at zero shear and at ):= 30 s i 
are qualitatively the same; no major structural rearrangements have occurred 
at these low shear rates. The bulk-flow forbidden "b" orientation persists at 
1 :=  30 s - t :  the effects of confinement are dominating those one would 
expect from flow at these low shear rates, based on the Couette Flow Cell 
experiments [6].  However, there is evidence of a peak starting to emerge 
at Y =90° (see Fig. 4), which indicates the onset of the "a" orientation. 

A schematic of the free orthogonal orientations of the liquid crystal 
molecules on the curved mica surface is shown in Fig. lB. For a single 
curved surface, the planar orientation (Fig. I BI) with n parallel to the 
cylinder axis, and the homeotropic orientation (Fig. I B3) with n normal to 
the surface, involve small (Fig. 1B3) or no (Fig. I B1 ) elastic distortion. The 
planar orientation with n perpendicular to the cylinder axis (Fig. 1B2) 
requires the creation of dislocations and should therefore be least favorable. 
With two opposing and crossed surfaces, both planar and homeotropic 
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Fig. 4. X-ray orientational scans show- 
ing tile discrete planar molecular con- 
llgurations. (A) The shear rate ): is 3¢) s i. 
( B ) ; : = 1 0 s  i. {C) ; :=0  (cylinders are 
stationary). The "a" orientation {see 
Fig. IA) corresponds to Z being roughly 
+90°; tile "b" orientation to Z ~ OL Tile 
shearing velocity was in the plane of scat- 
tering at Z approximately 0". Each point 
was counted for approximately 17 s. The 
point spacing in B is 1:'. while the point 
spacing in A and C is 2". 
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orientations will involve elastic distortions to satisfy the two surfaces 
simultaneously. The precise orientations to be chosen will involve the 
magnitude of the elastic constants. The mica sheet prefers that the 8CB 
molecules lie parallel with the surface, in the planar alignment [11, 181. 
Experimentally, we observe domains (Fig. I C) with orientations consistent 
with the planar orientation shown in Fig. 1B1 where the long axis of the 
molecules points along the cylinder axis. This orientation gives the diffrac- 
tion peaks seen at Z = +45°. The "h" orientation seen at Z = 0° is probably 
due to flow alignment occurring while the sample is being loaded. 

Results derived from experiments using soft surfaces are shown in 
Fig. 5. Two-dimensional x-ray diffractograms are shown in Fig. 5A for 
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Fig. 5. Two-dimensional x-ray diffraction patlerns show- 
ing the alignment seen in the X-SFA with 8CB confined in 
a gap of 8001"1A at very low ( ; :=18s  i) shear (A) and a 
shear rate of 360 s ~ (B). The white square at the center of 
each image is the beam stop; the dark spot just above is 
the center of the 2D detector. One-dimensional orienta- 
tional scans derived from these images are shown for very 
low shear (C) and shear (D). showing the high degree of 
orientation and alignment obtained through the shearing 
process. Each two-dimensional scan was exposed for 
20 min, 
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the case of very low shear ( 7 =  18 s ~) and in Fig. 5B lbr a shear  rate of  
360 s ~ (note  that this shear rate is 20 times larger than the one ob ta ined  
during the hard-surl:ace experiments) .  Also note that the 18-s ~ shear rate 
is still in the range that did not affect the or ien ta t ional  order  in the hard-  
surlhce experiments.  One-d imens iona l  or ienta t ional  scans derived from 
these images are presented in Figs. 5C and 5D, respectively. It can clearly 
be seen that the appl ied shear significantly orders  the sample,  reducing its 
mosaic  from 1 5  to less than 4 ~. indicat ing a very high degree of al ignment.  
Also, the shear changes the or ienta t ion of the layers into the pure "a" 
or ienta t ion that  was observed in the bulk flow experiments.  This "a'" orien- 
tat ion can also be seen emerging in the hard-surl:ace exper iments  at lower 
shear rates. 

The X-Ray Surface Forces  Appa ra tus  has been shown to be an 
invaluable  tool for investigating the collective order  of  a complex fluid 
confined between two well-character ized surfaces. This appara tus ,  coupled 
with bright  synchro t ron  radia t ion  sources, is the only technique current ly  
avai lable that al lows tbr direct, noninvasive irnaging of  a confined complex  
fluid. 
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