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In Case 2, long-range, repulsive interactions exist at the substrate-
PMMA interface as the higher surface energy PMMA layer separates 
the lower surface energy substrate and PnBA layers.  Therefore, 
PnBA segregates to the substrate, stabilizing the substrate-polymer 
interactions and resulting in symmetric wetting.  In Case 3, PnBA has 
a lower interfacial energy, there is a net attractive interaction in the 
system, and symmetric wetting is predicted.  Aligning each case to the 
appropriate system, as shown in the plot, accurately matched predicted 
and experimental results.  Reprinted with permission from Shelton C. 
K. and Epps, T. H., III Macromolecules 2015, 48, 4572-4580, 
Copyright 2015 American Chemical Society.35 ...................................... 90	
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Figure 3.4:	
   Hole sizes on aceto silane, benzyl silane, methacryl silane, and n-butyl 
silane surfaces (black circles), UVO treated benzyl silane and n-butyl 
silane surfaces (gray circles), and bare silica (white circles) substrates.  
Two equations were used to compare with hole size: (a) Equation 3.3, 
in which the attractive forces were described using the total surface 
energy, and (b) Equation 3.2, in which the attractive forces were 
decoupled.  The dotted red line represents a linear fit to the data.  
Though the two fits have similar R2 values (0.92 for the total surface 
energy equation and 0.96 for the decoupled surface energy equation), 
the total surface energy equation did not capture the expected trend in 
hole size, with the major deviation noted at lower interfacial energy 
differences.  The decoupled surface energy equation (R2 = 0.96) 
captured the experimental trend more accurately over the entire data 
range.  Reprinted with permission from Shelton C. K. and Epps, T. H., 
III Macromolecules 2015, 48, 4572-4580, Copyright 2015 American 
Chemical Society.35 ................................................................................. 92	
  

Figure 3.5:	
   (a) Schematic of in situ anneal setup with a sealed Linkam thermal 
stage under an optical microscope.  The Linkam thermal stage heated 
the film to 175 °C using a 3 °C/min heat ramp for consistency with 
vacuum oven annealed samples. (b) Size measurements from holes 
produced on bare silica and benzyl silane substrates over 24 h 
indicated expected nucleation and growth kinetics, followed by island 
and hole stabilization at equilibrium sizes, that match those from oven 
annealed samples.  The scale bar represents 20 µm and can be applied 
to all micrographs.  Reprinted with permission from Shelton C. K. and 
Epps, T. H., III Macromolecules 2015, 48, 4572-4580, Copyright 
2015 American Chemical Society.35 ....................................................... 94	
  

Figure 3.6: 	
   Stitched OM images of gradient thickness PMMA-PnBA films on 
bare silica and chlorosilane-modified substrates.  Films were imaged 
up to thicknesses at which islands and holes disappeared at integer 
domain spacing (nL0) thicknesses for asymmetric wetting substrates 
(bare silica, aceto silane, benzyl silane) and at half-integer domain 
spacing ([n+0.5]L0) thicknesses for symmetric wetting substrates 
(methacryl silane, n-butyl silane).  The red boxes indicate the critical 
film thickness at which island and hole formations were expected but 
not present at the free surface.  The scale bar applies to all 
micrographs.  Reprinted with permission from Shelton, C. K. and 
Epps, T. H., III Macromolecules 2016, 49, 574-580.54 ........................... 97	
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Figure 3.7:	
   Free surface AFM images of PMMA-PnBA gradient thickness films 
on bare silica substrates.  After the film thickness surpassed the 
critical propagation distance of substrate surface effects (287 nm), 
there was a distinct change in the surface nanostructure behavior 
caused by the substrate/free surface competition.  At substrate 
dominant thicknesses (top row), perpendicular PnBA cylinders 
(brown) perforate through PMMA domains (yellow).  At 
substrate/free surface competition thicknesses (bottom row), the lower 
surface energy PnBA is driven to the free surface, causing the 
cylinders to “fold” and appear as short parallel cylinders.  All images 
were taken from the bulk film, outside of island and hole formations.  
The free surface structure did not change on island and hole 
formations except at the bulk film interface where large thickness 
differences produced artificial stretched domains.  The scale bar 
represents 200 nm and applies to all AFM images.  Reprinted with 
permission from Shelton, C. K. and Epps, T. H., III Macromolecules 
2016, 49, 574-580.54 ................................................................................ 99	
  

Figure 3.8:	
   FWHM values of the primary peak from the azimuthally averaged 
FFT intensity spectrum from AFM images capturing the free surface 
nanostructure orientation of gradient thickness PMMA-PnBA films on 
bare silica, aceto silane, benzyl silane, methacryl silane, and n-butyl 
silane substrates.  The shaded region indicates the FWHM value 
(≈0.06-0.08), at which a significant orientation change occurred.  The 
colored arrows represent the estimated critical film thickness (from 
OM) at which films cast on each substrate crossed this FWHM 
threshold.  The critical film thicknesses determined using AFM 
matched well with those measured from OM.  The decrease in FWHM 
in aceto silane and bare silica samples is attributed to a possible 
transition to a free surface dominated nanostructure with a more 
uniform orientation at larger film thicknesses.  The lines connecting 
data points are to guide the eye and do not represent a mathematical fit 
to the data.  Reprinted with permission from Shelton, C. K. and Epps, 
T. H., III Macromolecules 2016, 49, 574-580.54 ................................... 101	
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Figure 3.9:	
   Composite prediction of surface wetting and through-film behavior to 
pinpoint necessary substrate surface energy conditions to achieve 
prescribed substrate wetting behavior.  The dotted lines separate the 
plot into three possible substrate wetting behaviors (PMMA 
preferential, PnBA preferential, and neutral) using the total surface 
energy and Hamaker constant analysis.  The neutral region indicates a 
non-preferential substrate region as the total surface energy and 
Hamaker constant calculations result in a different block being 
preferential, although the strength of either of these parameters can 
dominate and force a preferential substrate (e.g., methacryl silane).  
The gradient across the plot represents the change in the substrate self-
assembly driving force calculated using the decoupled surface energy.  
Reprinted with permission from Shelton C. K. and Epps, T. H., III 
Macromolecules 2015, 48, 4572-4580, Copyright 2015 American 
Chemical Society.35 ............................................................................... 103	
  

Figure 3.10: 	
  Propagation distances of substrate surface effects for PMMA-PnBA 
BP films on modified substrates.  OM was used to identify the critical 
film thicknesses (gray circles) at which island and hole formations 
disappeared marking the transition between the substrate surface 
dominant (below dashed red line) and substrate/free surface 
competition (above dashed red line) film thicknesses.  AFM was 
employed to characterize free surface nanostructure orientation on 
films of increasing film thickness as either substrate dominant effects 
(uniform nanostructure orientation; white circles) or substrate/free 
surface competition effects (mixed nanostructure orientation; black 
circles).  The dashed red line is to guide the eye and does not represent 
a mathematical fit to the data.  Reprinted with permission from 
Shelton, C. K. and Epps, T. H., III Macromolecules 2016, 49, 574-
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Figure 3.11:	
  Comparison of total (Equation 3.1; black circles), long-range 
(Equation 3.4; white squares), and decoupled (Equation 3.2; gray 
triangles) interfacial energies used to track the propagation of the 
substrate surface effect.  The lines between data points are to guide the 
eye.  Although the results from total and decoupled interfacial energy 
formalisms described no clear trend, those from the long-range 
interfacial energy equation depicted an increase in propagation 
distance with increasing substrate interfacial energy difference at 
lower differences.  Additionally, the long-range equation indicated a 
possible plateau in the critical film thickness at larger interfacial 
energy differences, a result that mirrored AFM data in Figure 3.10; the 
long-range data points in Figure 3.11 are the transition (grey) points 
from Figure 3.10.  Reprinted with permission from Shelton, C. K. and 
Epps, T. H., III Macromolecules 2016, 49, 574-580.54 ......................... 107	
  

Figure 3.12: 	
  Comparison of critical propagation depths of the substrate surface 
field for PMMA-PnBA and PS-PMMA BP systems.  These depths are 
normalized by system-dependent L0’s and plotted versus normalized 
long-range interfacial energy differences.  The substrate interfacial 
energy difference was normalized relative to the total surface energy 
difference between the blocks.  PS-PMMA data was taken from the 
literature.8  The lines between data points are to guide the eye.  
Reprinted with permission from Shelton, C. K. and Epps, T. H., III 
Macromolecules 2016, 49, 574-580.54 .................................................. 108	
  

Figure 4.1:	
   Plot of azimuthally averaged SANS intensity profiles from SIS films 
exposed to different partial pressures (p/psat) of d-benzene.  The Bragg 
peak at Q* ≈ 0.020 Å-1 corresponded to a nearest-neighbor L0 = 36 nm 
that did not change with p/psat.  Reprinted with permission from 
Shelton, C. K. et al. Macromolecules 2016, 49, 7525-7534, Copyright 
2016 American Chemical Society.41 ..................................................... 124	
  

Figure 4.2:	
   Solvent content in PS and PI domains calculated from broad peak 
model fits to azimuthally averaged SANS intensity profiles indicated 
that the normalized d-benzene mol% (moles d-benzene in PS [or PI] 
divided by moles d-benzene plus PS [or PI]) was always higher in the 
PS domains compared to the PI domains (i.e., the solvent was PS-
preferential).  Additionally, the ratio of solvent to polymer within a 
particular domain increased with p/psat.  Error bars were calculated by 
propagating differences of ±5 vol% total solvent in the film through 
the calculations.  Reprinted with permission from Shelton, C. K. et al. 
Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.41 ............................................................................... 126	
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Figure 4.3:	
   NR profiles (data points) and model fits (black lines) for d-benzene 
swollen SIS films at different p/psat in the order that they were run 
from top to bottom.  Upon exposure to solvent vapor, the film 
increased in thickness (t) due to solvent swelling and developed 
repeating parallel cylinder layers as evidenced by the narrowing of 
Kiessig fringes and the formation of a Bragg peak, respectively.  In 
general, Lz decreased with the value of p/psat.  However, Lz increased 
slightly from p/psat = 0.93 to p/psat = 0.84.  The NR profiles have been 
vertically offset for clarity.  Reprinted with permission from Shelton, 
C. K. et al. Macromolecules 2016, 49, 7525-7534, Copyright 2016 
American Chemical Society.41 .............................................................. 129	
  

Figure 4.4:	
   Schematic detailing the process by which SIS nanostructures 
restructured during SVA. SVA promoted layering of parallel cylinders 
by swelling the film to impart chain mobility via reduction of the Tg of 
the glassy PS domains below the annealing temperature (25 °C).  To 
account for the film thickness (t) reduction during solvent removal 
from p/psat = 0.93 to p/psat = 0.84, n decreased, rather than Lz, to 
prevent unfavorable compression of the polymer chains.  However, 
commensurability conditions from mismatches in t and n and an 
increased χPS-PI led to slightly stretched layers (Lz = 27 to Lz = 29).  
When there was not enough solvent in the film to lower the PS Tg 
below 25 °C  (p/psat ≤ 0.59), n could no longer adjust to account for 
thickness changes; instead, the average Lz decreased with the value of 
p/psat to account for the change in t.  The error in t was recorded as 
±10 nm to account for roughness at the free surface that limited the 
accuracy of film thickness measurements.  Although the SANS and 
NR profiles suggest the in-plane and out-of-plane structure is not 
perfectly-ordered, the schematic depicts uniform parallel cylinder 
morphology for clarity in describing the mechanisms for domain 
restructuring.  Reprinted with permission from Shelton, C. K. et al. 
Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.41 ............................................................................... 132	
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Figure 4.5:	
   NR data (open blue circles) and multilayer model fit (black line) for 
p/psat = 0.93.  The inset plot details the free surface (depth = 0) to 
substrate ρ profile from the model fit.  The oscillating ρ with depth 
resulted from the layer model incorporating pure PI (lower initial ρ 
and less solvent) and PS/PI mixture layers (higher initial ρ and more 
solvent).  As shown in the illustration, PS/PI layers contained 
cylindrical domains, and pure PI layers represented the space between 
nearest neighbor cylindrical layers.  Reprinted with permission from 
Shelton, C. K. et al. Macromolecules 2016, 49, 7525-7534, Copyright 
2016 American Chemical Society.41 ..................................................... 134	
  

Figure 4.6:	
   Solvent profiles of d-benzene in SIS films from the free surface 
(depth = 0) to substrate (depth = 1).  At p/psat ≤ 0.59, large deviations 
from through-film solvent uniformity were noted.  The average 
solvent concentration in the film at each p/psat was in reasonable 
agreement with the values determined by SANS at the same p/psat 
values (dashed lines).  The lines between data points are to guide the 
eye.  Reprinted with permission from Shelton, C. K. et al. 
Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.41 ............................................................................... 136	
  

Figure 4.7:	
   NR profiles of dry SIS films (top profile), fully swollen SIS films 
(second profile; swollen with 10 mL/min d-acetone-rich nitrogen), and 
SIS films dried to nitrogen/d-acetone to diluent nitrogen ratios of 8:2, 
6:4, 4:6, and 0:10 (third profile to bottom).  Broad Bragg peaks 
developed at Qz = 0.021 Å-1 and Qz = 0.040 Å-1 after exposure to d-
acetone.  The Bragg peaks shifted to higher Qz values as the film was 
deswelled. .............................................................................................. 138	
  

Figure 4.8:	
   NR profiles of dry dSIdS films (top profile), fully swollen dSIdS films 
(second profile; swollen with 10 mL/min d-hexane-rich nitrogen), and 
dried to nitrogen/d-hexane to diluent nitrogen ratios 
(mL/min:mL/min) of 8:2, 6:4, 4:6, and 0:10 (third profile to bottom).  
A broad Bragg peak in the dry film disappeared after swelling and 
deswelling with d-hexane. ..................................................................... 140	
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Figure 5.1:	
   Temporal series of SANS profiles that track BP and PDMS swelling 
and deswelling during (a) SVA-SS or (b) SVA.  An order of 
magnitude drop in the primary peak scattering intensity was recorded 
during SVA-SS processing; a similar intensity drop was not noted 
during SVA processing.  However, the primary peak scattering 
intensity for the SVA-SS sample returned to initial levels as the film 
was deswelled.  Note: the SVA-SS profiles have higher absolute 
scattering intensities in comparison to SVA profiles due to increased 
background scattering from the PDMS pads.41 ..................................... 156	
  

Figure 5.2:	
   SANS scattering data and representative AFM phase images with 
FFTs of dSIdS films after SVA-SS (a, b, c) or SVA (d, e, f), 
respectively.  SANS data and AFM images of films subjected to 
SVA-SS had anisotropic rings (anisotropy highlighted with dashed 
white circles) and displayed well-ordered nanostructures, respectively, 
in contrast to the isotropic rings and mixed nanostructure orientations 
noted in the analysis of films exposed to SVA alone.  SVA-SS FFTs 
from AFM were dot patterns rather than crescent patterns as obtained 
from the SANS data on similar samples, as the smaller AFM scan area 
(µm2) was not able to capture the full film behavior in a manner 
similar to the SANS studies (mm2).  The scale bars in both AFM 
images represent 250 nm.41 ................................................................... 159	
  

Figure 5.3:	
   Azimuthally averaged SANS profiles for as-cast and fully swollen 
dSIdS films at different solvent-rich stream to diluent stream flow 
rates (10:0, 8:2, and 6:4 - mL/min:mL/min).  The scattering intensity 
of the primary peak (at Q = 0.015 Å-1) decreased as solvent 
concentration increased (10:0 > 8:2 > 6:4).  The as-cast profile had a 
less intense primary peak than the 8:2 and 6:4 samples due to the lack 
of solvent swelling.  The primary peak intensity increased within the 
first 30 minutes of solvent swelling as shown in Figure 5.1.  The 
degree of PDMS swelling increased with increasing solvent 
concentration as indicated by the rise in background scattering, in 
comparison to as-cast samples, primarily as a result of larger PDMS 
(diffuse) scattering volumes.  Error bars represent one standard 
deviation from the measured intensity and were calculated during data 
reduction.41 ............................................................................................ 161	
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Figure 5.4:	
   SANS data and representative AFM images for dSIdS films subjected 
to SVA-SS from PDMS pads with elastomer-to-curing agent ratios 
(wt:wt) of 5:1 [most elastic, least swelling], 10:1, 15:1, or 20:1 [least 
elastic, most swelling].  SANS scattering data are shown in the first 
column as a function of elastomer-to-curing agent ratio.  Azimuthally 
averaged profiles are presented in the second column, in which the 
diffraction peaks are marked by yellow arrows.  Annularly averaged 
profiles are displayed in the third column, in which blue arrows mark 
the peak locations and are used to highlight changes in alignment 
direction from single direction (5:1 and 10:1; 2 peaks), to poorly-
aligned (15:1; no high-intensity peaks), to multiple direction (20:1; 4 
peaks).  AFM phase images and corresponding orientation parameter 
values (S; calculated from FFTs of the micrographs) are shown in the 
fourth column.  The scale bar for the AFM images represents 250 nm 
and applies to all micrographs.  Error bars in plots represent one 
standard deviation from the measured intensity and were calculated 
during data reduction.41 ......................................................................... 163	
  

Figure 5.5:	
   AFM phase images captured at each corner and the middle of the 
dSIdS film, which visually indicated the direction of nanostructure 
alignment throughout the film after SVA-SS with a 20:1 elastomer-to-
curing agent PDMS pad.  No alignment was detected in the middle of 
the film.  The scale bar represents 250 nm and applies to all AFM 
images.41 ................................................................................................ 165	
  

Figure 5.6:	
   SANS scattering data (first row) of dSIdS films after SVA-SS with 
different nitrogen flow rates used to deswell the film (3 mL/min 
[slowest deswell], 5 mL/min, and 7 mL/min [fastest deswell]).  A 
second order peak in azimuthally averaged SANS patterns (second 
row) was present at all nitrogen flow rates (peaks marked by yellow 
arrows).  However, an increase in the nitrogen flow (from 3 mL/min 
to 5 mL/min) led to a change from two alignment directions (four-
peak annular pattern [third row]; peaks marked by blue arrows) to a 
single alignment direction (two-peak annular pattern).  With a 7 
mL/min nitrogen flow during deswell, only low-intensity annular 
peaks were measured.  The 3 mL/min, 5 mL/min, and 7 mL/min flow 
rates and dimensions of the SVA chamber were used to calculate τCSTR 
values of 0.51 min, 0.30 min, and 0.22 min, respectively.  Error bars 
represent one standard deviation from the measured intensity and were 
calculated during data reduction.41 ........................................................ 167	
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Figure 5.7:	
   Comparison of SANS scattering data for dSIdS films exposed to the 
same SVA-SS conditions but with uniform thickness or 2° gradient 
thickness 20:1 elastomer-to-curing agent ratio PDMS pads.  SANS 
data obtained post SVA-SS after the PDMS pad was removed.  S 
values of 0.74 and 0.81 were calculated from annularly averaged 
intensity profiles (not shown) with uniform and gradient thickness 
PDMS pads, respectively.41 ................................................................... 169	
  

Figure 5.8:	
   Illustration of shear casting setup (side view) with motorized stage 
(substrate placed on top of stage), glass casting blade, and flexible 
PDMS blade.  The polymer solution is deposited on the substrate as 
the substrate is drawn beneath the glass blade.  A solvent evaporation 
front develops as the polymer solution is deposited.  To induce a shear 
force, the flexible blade drags across the drying film at a distance at 
which there is enough solvent to promote chain mobility.  Image 
courtesy of John Saltwick. ..................................................................... 171	
  

Figure 5.9:	
   AFM images of SIS thin films flow coated (as cast; top row) and shear 
cast (middle row) from polymer solutions with 5:95 o-xylene:THF 
(mass%:mass%) solvent mixtures.  Shear cast films were thermally 
annealed after casting (bottom row) to improve nanostructure ordering 
and increase grain sizes.  Image courtesy of John Saltwick. ................. 173	
  

Figure 6.1:	
   Schematic of the procedure to generate lamellar-forming, salt-doped 
PS-POEM thin films.  Reprinted with permission from Gilbert, J. B. et 
al. ACS Nano 2014, 9, 512-520, Copyright 2014 American Chemical 
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Figure 6.2:	
   Illustration of NR setup for measuring lithium salt distributions in PS-
POEM films.  Neutrons were directed at PS-POEM films held in 
reflectivity geometries via an aluminum sample holder and elastic 
clamps.  Scattering from the uncoated silicon wafers, sample holder, 
and clamp was prevented through the addition of a borated aluminum 
mask between the neutron source and the samples.20 ........................... 186	
  

Figure 6.3:	
   Plot of POEM domain ρ values (ρPOEM/salt) at different salt 
concentrations (vol%) with LiTFSI, Li triflate, and Li perchlorate 
salts.  At salt concentrations of 23 vol% (LiTFSI), 28 vol% (Li 
triflate), and 18 vol% (Li perchlorate), the POEM domain is contrast 
matched with the PS domain (ρPS = 1.41 x 10-6 Å-2; black dotted 
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Figure 6.4:	
   PS-POEM films doped with lithium salt as viewed by neutrons at the 
PS-POEM contrast match point (top row; blue = ρ of POEM; red = ρ 
of PS) along with predictive ρ (middle row) and reflectometry (bottom 
row) profiles.  Even distributions of salt within the POEM layers (a) 
resulted in reflectivity profiles with no Bragg peaks.  Central 
localization of the salt within the POEM layers (b) resulted in multiple 
Bragg peaks (highlighted by yellow arrows).  Depths were normalized 
such that 0.00 was the free surface and 1.00 was the substrate 
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Figure 6.5:	
   NR profiles (black data points) and model fits (red lines) of neat PS-
POEM films (top profiles) and films doped with (a) LiTFSI, (b) Li 
triflate, and (c) Li perchlorate salts at [EO]:[Li] ratios of 45:1, 22:1, 
and 11:1.  Bragg peaks (highlighted with yellow arrows) shifted to 
smaller Qz values and decreased in intensity relative to the rest of the 
NR profile as salt concentration increased (from top to bottom 
profiles).  Bragg peaks were not present in films doped with an 11:1 
[EO]:[LiTFSI] ratio.  Error bars represent one standard deviation from 
the measured intensity and were calculated during data reduction.20 ... 190	
  

Figure 6.6:	
   Fit (solid circles) vs. calculated (empty circles) ρPOEM/salt values for 
POEM domains doped with Li perchlorate (top row), Li triflate 
(middle row), and LiTFSI (bottom row).  Calculated ρPOEM/salt values 
were determined with the ideal mixing assumption.  Error bars were 
calculated as the standard deviation between every ρPOEM/salt value 
(i.e., each layer) in the film.20 ................................................................ 192	
  

Figure 6.7:	
   NR profiles (black data points) and model fits (red lines) for neat PS-
POEM films and films doped with LiTFSI at 45:1, 22:1, and 11:1 
[EO]:[Li] ratios (left side; profiles from Figure 6.5), and ρ profiles as 
a function of film depth (right side; normalized from 0.0 [free surface] 
to 1.0 [substrate surface]).  As the salt concentration in the film was 
increased, the ρPOEM/salt values increased towards ρPS until a contrast 
match point (ρPOEM/salt = ρPS) was achieved at approximately 
[EO]:[Li] = 11:1.  Bragg peaks (highlighted by yellow arrows) in the 
NR profiles were not present at an 11:1 ratio.  Furthermore, ρ models 
indicated a change in salt concentration in POEM layers from the free 
to substrate surface.  Error bars in NR profiles represent one standard 
deviation from the measured intensity and were calculated during data 
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Figure 7.1:	
   Images and schematics of Teflon molds with machined patterns for 
preparing PDMS pads with 2° gradients in thickness that can direct 
the drying front propagation during SVA-SS in (a) bends or (b) 
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Figure 7.2:	
   (a) Schematic of parallel-plate rheometer used to induce shear-
alignment of a BP thin film with a viscous PDMS oil.  (b) The applied 
stress was larger farther away from the center of the rheometer, and 
longer shear times (c à d à e à f) improved in the ordering of the 
nanostructures.  Reprinted with permission from Davis, R. L. et al. 
Macromolecules 2015, 48, 5339-5347, Copyright 2015 American 
Chemical Society.56 ............................................................................... 211	
  

Figure 7.3:	
   (a) A visual depiction of parallel and perpendicular nanostructures on 
roughened substrates is shown.  Preferential (i.e., attractive) surfaces 
typically orient domains parallel to the substrate, but maintaining the 
wetting of one domain on the rough substrate induces energetic 
penalties that are mitigated when domains orient perpendicular to the 
substrate.  (b) As the roughness of the substrate (Df) is increased, the 
likelihood of perpendicular orientations increases due to increasing 
entropic penalties.  Left image adapted with permission from 
Sivaniah, E. et al. Macromolecules 2005, 38, 1837-1849, Copyright 
2005 American Chemical Society.75  Right image reprinted with 
permission from Kulkarni, M. M. et al. Macromolecules 2012, 45, 
4303-4314, Copyright 2012 American Chemical Society.70 ................. 212	
  

Figure 7.4:	
   Photographs of LCE films at room temperature (25 °C) and after 
heating to 175 °C.  A nine-peak roughness pattern appears in the film 
at higher temperatures and reversibly flattens when the temperature is 
decreased.  Reprinted with permission from Ware, T. H. et al. Science 
2015, 347, 982-984, Copyright 2016 by the American Association for 
the Advancement of Science.82 ............................................................. 214	
  

Figure 7.5:	
   Height (left) and phase (right) atomic force micrographs of PS-
POFPMA films with perpendicular lamellae structures after SVA with 
a neutral solvent.  The scale bar represents 200 nm and applies to both 
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Figure 7.6:	
   Through-film phase diagram for a cylindrical-forming BP thin film 
generated from RSANS.  RSANS was used to probe the in-plane and 
out-of-plane features simultaneously to determine at what film 
thicknesses the substrate and free surface interactions competed to 
reorient domains.  Adapted with permission from Zhang, et al. ACS 
Nano 2008, 2, 2331-2341, Copyright 2008 American Chemical 
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Figure A.1:  Optical micrographs of ≈103 nm (2.5 domain spacings [L0]) thick 
poly(methyl methacrylate-b-n-butyl methacrylate) (PMMA-PnBA) 
films on n-butyl silane substrates and ≈90 nm (2.2L0) thick PMMA-
PnBA films on aceto silane substrates after thermal annealing at 175 
°C for 24 or 48 h.  On n-butyl silane substrates, 103 nm was an 
incommensurate film thickness, but coherent island and hole 
formations were not expected due to the minimal propagation depth of 
the n-butyl silane surface field.  On aceto silane substrates, 90 nm was 
an incommensurate film thickness, and island and hole formations 
were expected and present.  As there were no distinct changes in the 
imaged structures at 24 h vs. 48 h, 24 h appeared to be sufficient time 
for microdomain equilibration.  Reprinted with permission from 
Shelton, C. K. and Epps, T. H., III Macromolecules 2016, 49, 574-
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Figure A.2:	
   Optical micrographs of PMMA-PnBA films on n-butyl silane 
modified substrates displayed distinct island and hole formations at (a) 
62 nm thicknesses, less defined islands and holes at (b) 103 nm, and 
no distinct islands and holes at (c) 144 nm thicknesses.  For the 
specimens shown in images b and c, it is likely that the enthalpic 
competition between the substrate and free surfaces hindered island 
and hole formation.2, 3  Proximal to defects on thicker films (d, e), 
islands and holes were more prominent likely due to additional 
entropic interactions that enhanced the substrate surface field 
influence.4  The scale bar applies to all micrographs.  Reprinted with 
permission from Shelton, C. K. and Epps, T. H., III Macromolecules 
2016, 49, 574-580.1 ............................................................................... 231	
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Figure A.3:	
   Atomic force microscopy (AFM) images of PMMA-PnBA films at 
substrate dominant (no outline), transition (gray outline), and 
substrate/free surface competition (black outline) thicknesses on 
chlorosilane-modified substrates.  A change in the free surface 
nanostructure from perpendicular cylinders to parallel, or folded, 
cylinders was noted once the transition thickness was reached on each 
substrate.  The change in nanostructure orientation was correlated 
directly to the disappearance of islands and holes measured by optical 
microscopy as shown in Figure 3.6.  The scale bar represents 200 nm 
and applies to all images.  Reprinted with permission from Shelton, C. 
K. and Epps, T. H., III Macromolecules 2016, 49, 574-580.1 ............... 232	
  

Figure A.4:	
   Plots of full-width half-max (FWHM) values calculated from 
azimuthally averaged fast Fourier transformation intensity spectrum 
measured from free surface AFM images of gradient thickness 
PMMA-PnBA films on bare silica and chlorosilane-modified 
substrates.  The plots revealed an increase in the FWHM of the 
primary peak (location marked by an arrow) indicating the transition 
of film thickness from the substrate dominant region to the 
substrate/free surface competition region.  The onset of the transition 
was consistent for all substrate surfaces (shaded region; FWHM ≈ 
0.06-0.08) and matched the transition region measured via optical 
microscopy.  The extra peaks found on the benzyl and methacryl 
silane traces (location marked by stars) were artifacts from the 
AFM/FFT processing and not free surface structures.  Reprinted with 
permission from Shelton, C. K. and Epps, T. H., III Macromolecules 
2016, 49, 574-580.1 ............................................................................... 233	
  

Figure A.5:	
   Comparison of critical propagation depths of the substrate surface 
field between two AB diblock copolymer (PMMA-PnBA and 
poly[styrene-b-methyl methacrylate] [PS-PMMA]) systems using 
long-range interfacial energy differences and film thicknesses 
normalized by system-dependent L0’s.  PS-PMMA data were taken 
from literature, and the same initial linear increase followed by the 
possible onset of a plateau as interfacial energy difference increased 
was noted.2 The inset plot is rescaled to focus on the PS-PMMA data 
for clarity.  The lines between data points are to guide the eye.  
Reprinted with permission from Shelton, C. K. and Epps, T. H., III 
Macromolecules 2016, 49, 574-580.1 .................................................... 234	
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Figure B.1: 	
   Atomic force microscopy (AFM) images of as-cast and solvent 
annealed poly(styrene-b-isoprene-b-styrene) (SIS) films (cylindrical 
nanostructures) used in the neutron reflectometry (NR) and small-
angle neutron scattering (SANS) experiments.  SIS films exposed to 
d-benzene during SANS showed a marginal improvement (2.5 h 
anneal) in ordering in comparison to as-cast films, but the ordering 
greatly improved in films exposed to d-benzene during NR (8 h 
anneal). The shorter SANS data collection times were desired to 
ensure that the C variable (intensity) in the broad peak models was 
changing solely as a function of the solvent concentration and not as a 
function of improved ordering.  Note: the SVA times used herein were 
not long enough to cause damage to the films (e.g., dewetting) as 
demonstrated by optical micrographs of films following SVA (see 
rightmost panels).  Reprinted with permission from Shelton, C. K. et 
al. Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.1 ................................................................................ 236	
  

Figure B.2:	
   Mass spectrometry (MS) profiles for nitrogen bubbled through 
deuterated benzene (d-benzene) obtained at the chamber outlet.  
Solvent partial pressure was adjusted by changing the ratio of the 
volumetric flow rates of nitrogen as a pure stream and d-benzene-rich 
nitrogen.  Fragmentation patterns for d-benzene, nitrogen, oxygen, 
and water were used to identify the components associated with each 
MS peak as well as the relative amount of each component in the 
gaseous stream.2  The relative amount of d-benzene (p) was divided 
by the saturated vapor pressure (psat) of d-benzene at 25 °C to 
calculate the p/psat values used in the analyses.3  Reprinted with 
permission from Shelton, C. K. et al. Macromolecules 2016, 49, 7525-
7534, Copyright 2016 American Chemical Society.1 ........................... 237	
  

Figure B.3:	
   (a) Illustration and (b) photograph of SANS sample cell for in situ 
SVA experiments.  The sample cell housed two SIS films (400 ± 4 nm 
each) facing inward, towards a sealed air gap.  Spacers were utilized 
to create the air gap through which solvent vapor flowed.  Quartz 
glass windows were used as neutron transparent windows to reduce 
scattering from the sample cell.  Adapted with permission from 
Shelton, C. K. et al. Macromolecules 2016, 49, 7525-7534, Copyright 
2016 American Chemical Society.1 ....................................................... 238	
  



 xxxiv 

Figure B.4:	
   (a) Illustration and (b) photograph of NR in situ SVA sample cell.  
The aluminum sample cell housed a 200 ± 2 nm thick SIS films with 
inlets and outlets for solvent vapor exposure and was mounted at a 
reflectivity geometry with the neutron beam.  Borated aluminum 
shields (not shown in illustration) were placed around the neutron 
beam inlet and outlet to prevent scattering from the film holder or 
screws from reaching the detector.  The dismantled sample chamber is 
shown in (c) and the schematics for the different components are 
presented in Figures B.5 to B.12.  Adapted with permission from 
Shelton, C. K. et al. Macromolecules 2016, 49, 7525-7534, Copyright 
2016 American Chemical Society.1 ....................................................... 239	
  

Figure B.5:	
   Schematic for NR in situ SVA sample cell lid with photograph for 
reference.  The lid enclosed the film sample to trap solvent vapor 
inside the chamber during annealing. .................................................... 240	
  

Figure B.6:	
   Schematic for NR in situ SVA sample cell base plate with photograph 
for reference.  The base plate housed the solvent inlet and outlet and 
the piping for a continuous circulating water bath to control the 
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Figure B.7:	
   More detailed schematic of base plate features with photograph for 
reference.  Each breakdown describes where different holes or ports 
are located for a given application (e.g., solvent inlet, solvent outlet, 
water bath inlet, water bath outlet). ....................................................... 242	
  

Figure B.8:	
   Schematic for NR in situ SVA sample cell clamps, which were used to 
hold the films upright in the neutron beam. .......................................... 243	
  

Figure B.9:	
   Schematic for NR in situ SVA sample cell stilts with photograph for 
reference.  The stilts were used to raise the sample into the neutron 
beam.  Holes were cut in the stilts to help cool them if higher 
temperatures are used during annealing. ............................................... 244	
  

Figure B.10:	
  Schematic for NR in situ SVA sample cell mask and photograph for 
reference.  The mask was used to prevent scattering from hardware 
(e.g., screws) that might otherwise affect NR profiles.  A calculation 
for the max Q was conducted to ensure appropriate Q ranges could be 
reached with the masks. ......................................................................... 245	
  

Figure B.11:	
  Schematic for the full, assembled NR in situ SVA sample cell. ........... 246	
  

Figure B.12:	
  Schematic for NR in situ SVA sample cell with water bath and solvent 
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Figure B.13:	
  Broad peak model fits to small-angle neutron scattering 1-D profiles 
at different values of p/psat.  In the broad peak model, the parameters 
C, Q*, ξ, m, and B represent the intensity of the primary peak, the Q 
location of the primary peak, the correlation length of the features, a 
scaling factor, and background in the scattering, respectively.  The 
model fit parameters were optimized using SASView software.  Most 
of the parameters remained relatively constant with changing p/psat, 
including the Q location of the primary peak (Q*) at ≈0.02 Å-1, which 
indicated the domain spacing (L0) was effectively constant with p/psat.  
The C parameter varied with p/psat and described the change in 
amplitude of the primary peak.  The decrease in C with p/psat indicated 
that the contrast between domains had decreased.  The value of C was 
used to calculate the contrast ([Δρ]2) between the polymer domains 
([Δρ]2 = [ρPS/d-benzene - ρPI/d-benzene]2) at each p/psat as described in 
Section B.1.  Reprinted with permission from Shelton, C. K. et al. 
Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.1 ................................................................................ 248	
  

Figure B.14:	
  Temporal NR profiles of SIS films from a dry, as-cast state to a p/psat 
value of 0.93.  The different plots show the change in the profile from 
(a) an initial, dry state (time = 0 h) to 1 h after solvent exposure, (b) a 
1 h to 2 h solvent exposure time, (c) a 2 h to 4 h after solvent exposure 
time, (d) a 4 h to 7 h after solvent exposure time, and (e) a 7 h to 8 h 
after solvent exposure time.  During SVA exposure, the gap between 
Kiessig fringes narrowed, and a Bragg peak developed, which 
indicated the film swelled (at a rate of at least 2.3 nm/min), and a 
repeating out-of-plane structure formed (parallel cylinders), 
respectively.  The SIS film was annealed until two or three profiles 
overlapped (e) to indicate that a steady-state condition had been 
reached.  The bottom right plot (f) focuses on the Bragg peak, as the 
peak changed more significantly than the rest of the profile and 
therefore was the most noteworthy indicator of steady-state.  
Reprinted with permission from Shelton, C. K. et al. Macromolecules 
2016, 49, 7525-7534, Copyright 2016 American Chemical Society.1 .. 251	
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Figure B.15:	
  Temporal NR profiles of SIS films from a p/psat value of 0.93 to a 
p/psat value of 0.84.  The different plots show the change in the profile 
from (a) a fully swollen film (p/psat = 0.93 at time = 0 h) to a 1 h p/psat 
= 0.84 annealing time, (b) a 1 h to 2 h p/psat = 0.84 annealing time, (c) 
a 2 h to 4 h p/psat = 0.84 annealing time, (d) a 4 h to 7 h p/psat = 0.84 
annealing time, (e) a 7 h to 11 h p/psat = 0.84 annealing time, and (f) 
an 11 h to 12 h p/psat = 0.84 annealing time.  Upon deswelling, the gap 
between Kiessig fringes widened, and the Bragg peak location shifted 
to lower Qz, which indicated the film thickness decreased (at a rate of 
at least 0.9 nm/min), and the layer spacing (Lz) increased. The bottom 
plot (g) focuses on the Bragg peak, as the peak changed more 
significantly than the rest of the profile and therefore was the most 
noteworthy indicator of equilibration.  Reprinted with permission 
from Shelton, C. K. et al. Macromolecules 2016, 49, 7525-7534, 
Copyright 2016 American Chemical Society.1 ..................................... 252	
  

Figure B.16:	
  Temporal NR profiles of SIS films from a p/psat value of 0.84 to a 
p/psat value of 0.59.  The different plots show the change in the profile 
from (a) an equilibrated p/psat = 0.84 state (at time = 0 h) to a 1 h p/psat 
= 0.59 annealing time, (b) a 1 h to 2 h p/psat = 0.59 annealing time, (c) 
a 2 h to 4 h p/psat = 0.59 annealing time, (d) a 4 h to 7 h p/psat = 0.59 
annealing time, (e) a 7 h to 8 h p/psat = 0.59 annealing time, and (f) an 
8 h to 9 h p/psat = 0.59 annealing time.  Upon deswelling, the gap 
between Kiessig fringes widened, and the Bragg peak location shifted 
to higher Qz, which indicated the film thickness decreased (at a rate of 
at least 0.9 nm/min), and the Lz decreased. The bottom plot (g) focuses 
on the Bragg peak, as the peak changed more significantly than the 
rest of the profile and therefore was the most noteworthy indicator of 
equilibration.  Reprinted with permission from Shelton, C. K. et al. 
Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.1 ................................................................................ 253	
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Figure B.17:	
  Temporal NR profiles of SIS films from a p/psat value of 0.59 to a 
p/psat value of 0.43.  The different plots show the change in the profile 
from (a) an equilibrated p/psat = 0.59 state (at time = 0 h) to a 1 h p/psat 
= 0.43 annealing time, (b) a 1 h to 2 h p/psat = 0.43 annealing time, (c) 
a 2 h to 4 h p/psat = 0.43 annealing time, (d) a 4 h to 7 h p/psat = 0.43 
annealing time, and (e) a 7 h to 11 h p/psat = 0.43 annealing time.  
Upon deswelling, the gap between Kiessig fringes widened, and the 
Bragg peak location shifted to higher Qz, which indicated the film 
thickness decreased (at a rate of at least 0.9 nm/min), and the Lz 
decreased. The bottom right plot (f) focuses on the Bragg peak, as the 
peak changed more significantly than the rest of the profile and 
therefore was the most noteworthy indicator of equilibration.  
Reprinted with permission from Shelton, C. K. et al. Macromolecules 
2016, 49, 7525-7534, Copyright 2016 American Chemical Society.1 .. 254	
  

Figure B.18:	
  Temporal NR profiles of SIS films from a p/psat value of 0.43 to a 
redried state.  The different plots show the change in the profile from 
(a) an equilibrated p/psat = 0.43 state (at time = 0 h) to a 1 h exposure 
to a dry nitrogen flow and (b) a 1 h to 2 h exposure time to a dry 
nitrogen flow.  Upon deswelling, the gap between Kiessig fringes 
widened, and the Bragg peak location shifted to higher Qz, which 
indicated the film thickness decreased (at a rate of at least 0.9 
nm/min), and the Lz decreased. The bottom plot (c) focuses on the 
Bragg peak, as the peak changed more significantly than the rest of 
the profile and therefore was the most noteworthy indicator of 
equilibration.  Reprinted with permission from Shelton, C. K. et al. 
Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.1 ................................................................................ 255	
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Figure B.19:	
  Multilayer model fits (black lines) to NR data (open colored circles) 
for the as-cast and redried films as well as at each value of p/psat.  The 
model parameters accounted for n number of layers with individual 
thickness and ρ parameters.  Using this model and refl1D fitting 
software,7 the calculated profiles demonstrated good agreement with 
the measured profiles (χ2 < 5) and produced a free surface (depth = 0) 
to substrate ρ profile shown in the inset plots.  For p/psat values of 
0.93 and 0.84, the ρ profiles showed an oscillatory trend that likely 
was caused by the difference in solvent uptake of pure PI and mixed 
PI/PS layers.  At values of p/psat ≤ 0.59, the oscillatory trend was not 
as consistent (regions of lower amplitude oscillations) due to the PS 
domain transitioning to a glassy state that limited solvent diffusion 
through the film.  Additionally, the Bragg peak was broader for values 
of p/psat ≤ 0.59, which suggested greater disorder in the layered 
structure.  Once all the solvent was removed from the film (redried), 
the oscillatory trend returned due to the ordered layering of domains.  
The solvent concentration through the film thickness at each p/psat was 
extracted from the resulting ρ profiles using known polymer and 
solvent ρ values, and molar fractions of the PS and PI domains in the 
dry SIS BP.  Reprinted with permission from Shelton, C. K. et al. 
Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.1 ................................................................................ 257	
  

Figure B.20:	
  Multilayer model fits (black lines) to p/psat = 0.84 reflectivity profiles 
(open green circles) consisting of ten (left) or twelve (right) repeating 
layers (n).  The total film thickness (t) remained constant for each fit, 
but the layer thickness (Lz) changed to achieve commensurability 
between the t and n.  The n = 10 model fit the reflectivity data with a 
χ2 = 1.47.  The n = 12 model had a significantly higher χ2 (χ2 = 442) 
due to mismatched Bragg peak and Kiessig fringe locations when 
comparing the reflectivity data to the model fit.  This large 
discrepancy between the refined n = 12 model fit and the reflectivity 
data provides a further indication that there was a change in the 
number of layers (from 12 to 10) in the film upon deswelling.  
Reprinted with permission from Shelton, C. K. et al. Macromolecules 
2016, 49, 7525-7534, Copyright 2016 American Chemical Society.1 .. 258	
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Figure C.1:	
   Small-angle neutron scattering (SANS) azimuthally-averaged 
intensity profiles for poly(deuterated styrene-b-isoprene-b-deuterated 
styrene) (dSIdS) films subjected to toluene solvent vapor annealing 
(SVA) (a) with or (b) without soft shear.  SVA with soft shear (SVA-
SS) was implemented through the placement of polydimethylsiloxane 
(PDMS) pads on the films to induce shear forces as the pad swelled 
and deswelled while in contact with the film.  SVA-SS or SVA was 
conducted with a 3 h swelling time and 10 mL/min toluene-rich 
nitrogen flow rates during swelling, and 3 mL/min diluent nitrogen 
flow rates during film deswelling.  For both SVA-SS and SVA, the 
location of the primary peak shifted from Q = 0.018 Å-1 to Q = 0.015 
Å-1, which was indicative of an increase in domain spacing (L0) from 
35 nm to 42 nm.  Also, there was a difference in intensity of the 
primary peak for SVA-SS vs. SVA; the primary peak intensity 
decreased for samples treated by SVA-SS and increased slightly for 
samples treated via SVA.1 ..................................................................... 260	
  

Figure C.2:	
   AFM images of dSIdS films after SVA or SVA-SS with the same 
swelling (10 mL/min toluene-rich nitrogen flow rate for 3 h) and 
deswelling (3 mL/min diluent nitrogen flow rate) conditions.  The 
SVA-SS image was obtained from a portion of the film that the 
PDMS pad did not shear.  Both micrographs indicate a mixture of 
parallel and perpendicular cylinders and featureless areas.  The scale 
bar represents 250 nm and applies to both images.1 .............................. 261	
  

Figure C.3:	
   AFM images of dSIdS films exposed to different toluene-rich to 
diluent stream flow rate ratios (10:0, 8:2, or 6:4) during SVA-SS 
swelling.  Shear forces from the swelling of the PDMS pad resulted 
led to well-ordered and aligned nanostructures across the film in the 
10:0 sample.  At an 8:2 ratio (reduced PDMS swelling relative to 
10:0), the shear fields appear to be sufficient to align domains but not 
large enough to generate either a high degree of ordering or defect 
removal.  At a 6:4 ratio, shear-alignment was not readily apparent.  
The scale bar represents 250 nm and applies to all images.1 ................ 261	
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Figure C.4:	
   AFM images from a dSIdS film subjected to toluene SVA-SS using a 
PDMS pad fabricated with a 20:1 elastomer to curing agent ratio and a 
2° gradient in thickness.  The location of the AFM images in the 
figure is relative to where the images were taken in the film as 
indicated by the schematic in the top left corner.  The alignment 
direction of the nanostructures remained consistent throughout the 
film.  Slight differences in the apparent alignment direction likely 
were the result of orientation changes of the AFM when moving 
between locations.  The scale bar represents 500 nm and applies to all 
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Figure C.5:	
   Photograph of shear casting device in which the flexible PDMS, 
shearing blade was attached to the same holder as the glass, casting 
blade (schematic of this setup is shown in Figure 5.8).  A silicon 
substrate was placed on a motor stage, which was programmed to 
move at a set speed for film casting.  A polymer solution was 
deposited between the glass blade and silicon substrate to produce a 
film upon movement of the stage.  The flexible blade dragged across 
the top of the film immediately after casting to shear-align the 
nanostructure.  This setup used a single device to hold the two blades 
but offered less control over the distance between the two blades and 
the downward force of the flexible blade.2 ............................................ 263	
  

Figure C.6:	
   (a) Schematic of shear casting device in which the flexible PDMS, 
shearing blade and glass, casting blade were attached to separate, 
stationary holders along with photographs of the setup: (b) side view, 
(c) top view, and (d) front view.  This setup provided more control 
over the distance between the two blades and the downward force of 
the flexible blade.  Photos courtesy of John Saltwick. .......................... 264	
  

Figure C.7:	
   Illustration of potential shear casting device for industrial scale roll-to-
roll processing.  A flexible substrate is dipped into a reservoir of 
polymer solution to generate a film that is thinned by a rigid blade 
(i.e., thickness control is provided by the rigid blade).  A flexible 
blade shears the drying film immediately after casting to align the 
nanostructure before the substrate is transferred to the next step in the 
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Figure C.8:	
   Photograph of a poly(styrene-b-isoprene-b-styrene) film after shear 
casting that depicts significant film damage (left side of image).  The 
damage was caused by the presence of too much solvent in the film 
when the flexible, PDMS blade was dragged across the free surface.  
The PDMS blade did not interact with the right side of the film 
(undamaged area). ................................................................................. 265	
  

Figure C.9:	
   Plot of drying curves for pure o-xylene (green data points) and 50:50 
(black data points), 25:75 (red data points), and 5:95 (blue data points) 
mixtures (mass%:mass%) of o-xylene:tetrahydrofuran (THF).  The 
THF evaporated almost immediately after casting, and an increase in 
the o-xylene content increased the drying time.  The green and black 
lines did not reach a thickness of zero because measurements were 
stopped before the solvent had dried completely.  Figure courtesy of 
John Saltwick. ....................................................................................... 266	
  

Figure D.1:	
   Poly(styrene-b-oligo[oxyethylene] methacrylate) (PS-POEM) films 
doped with lithium salt as viewed by neutrons (blue = scattering 
length density [ρ] of POEM; red = ρ of PS) at the PS-POEM contrast 
match point (top row) along with predictive ρ (middle row) and 
neutron reflectometry (NR; bottom row) profiles. Films without salt-
doping (a) result in NR profiles with Bragg peaks (highlighted with 
yellow arrows) related to the domain spacing.  (b) Central localization 
of the salt within the POEM layers results in additional Bragg peaks 
related to the thickness between low ρ portions of the film (i.e., PS-
POEM interfaces).  Depths were normalized such that 0.00 is the free 
surface and 1.00 is the substrate surface.1 ............................................. 268	
  

Figure D.2:	
   NR profiles (black data points) and model fits (red lines) for neat PS-
POEM films and films doped with lithium trifluoromethanesulfonate 
(Li triflate) at 45:1, 22:1, and 11:1 [EO]:[Li] ratios (left side), and ρ 
profiles as a function of film depth (right side; normalized from 0.0 
[free surface] to 1.0 [substrate surface]).  As the salt concentration 
increased, the ρPOEM/salt values increased (as indicated by ρ profiles 
and the decrease in relative intensity of Bragg peaks [highlighted by 
yellow arrows]), but a contrast match point was not reached at the 
[EO]:[Li] ratios studied, herein.  Error bars in NR profiles represent 
one standard deviation from the measured intensity and were 
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Figure D.3:	
   NR profiles (black data points) and model fits (red lines) for neat PS-
POEM films and films doped with lithium perchlorate (Li perchlorate) 
at 45:1, 22:1, and 11:1 [EO]:[Li] ratios (left side), and ρ profiles as a 
function of film depth (right side; normalized from 0.0 [free surface] 
to 1.0 [substrate surface]).  As the salt concentration increased, the 
ρPOEM/salt values increased (as indicated by ρ profiles and the decrease 
in relative intensity of Bragg peaks [highlighted by yellow arrows]), 
but a contrast match point was not reached at the [EO]:[Li] ratios 
studied, herein.  Error bars in NR profiles represent one standard 
deviation from the measured intensity and were calculated during data 
reduction.1 .............................................................................................. 270	
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Block polymers (BPs) have attracted significant attention for emerging 

nanotechnologies such as nanolithographic masks, nanotemplates, nanoporous 

membranes, organic photovolatics, and lithium ion battery membranes due to their 

ability to self-assembly into periodic assemblies of nanoscale features.  Many of these 

applications require thin film geometries, which have additional confinement 

interactions in comparison to bulk self-assembly that must be understood to control 

nanostructure orientation, ordering, and alignment precisely.  Two approaches to study 

the nuanced effects of these additional interactions are in situ characterization and 

neutron scattering, used concurrently or independently.  With these techniques, more 

predictive and optimized methods to direct self-assembly can be established to unlock 

the full potential of BP thin films in commercial and research applications.  In this 

dissertation work, four aspects of BP thin film self-assembly were explored with these 

powerful characterization tools.  First, chlorosilane-modified substrate surfaces were 

employed to investigate the effect of the substrate-polymer interaction on 

nanostructure orientation and ordering.  Predictive formalisms were developed that 

defined substrate wetting behavior, nanostructure ordering, and through-film 

orientation control as a function of total and decoupled (dispersive and polar) 

substrate-polymer interfacial energy components.  Second, solvent vapor annealing 

was studied with in situ small-angle neutron scattering (SANS), neutron reflectometry 

(NR), and selective deuteration to determine how factors such as solvent-polymer 
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interactions and solvent concentration affected BP thin film self-assembly.  Next, in 

situ SANS during solvent vapor annealing with soft shear (SVA-SS) was used to track 

shear-induced nanostructure disordering and ordering.  By understanding the kinetic 

pathways during SVA-SS, more robust and high-throughput methods to define the 

alignment direction(s) were developed.  Lastly, lithium salt-doped poly(styrene-b-

oligo[oxyethylene] methacrylate) films were investigated with NR to achieve the first 

high-resolution, non-destructive, and quantitative analysis regarding how lithium salts 

distribute within the conducting domain of BP electrolyte thin films.  Overall, the 

work in this dissertation contributes predictive and translatable approaches to direct 

self-assembly and the design of powerful characterization strategies to extract key 

information from BP thin film systems to improve their rational design and 

application.



 1 

BLOCK POLYMER THIN FILM SELF-ASSEMBLY 

1.1 Introduction 

A block polymer (BP) is comprised of two or more chemically-distinct 

polymer “blocks” that are covalently bound to form one continuous chain.  Repulsive 

polymer-polymer interactions between the blocks leads to phase separation, but the 

covalent connectivity prevents macroscopic phase separation.  The combined effects 

result in nanoscale self-assembly into periodic morphologies such as body-centered 

cubic spheres, hexagonally-packed cylinders, hexagonally-perforated lamellae, gyroid 

networks, and lamellae, which are useful for a wide variety of applications.1-3  The 

diversity of polymer chemistries, compositions, functionalities, molecular weights, 

and architectures also provides nearly limitless potential for emerging 

nanotechnologies.4, 5  In particular, BPs constrained into thin film geometries (< 1 µm 

in thickness) have proven effectiveness in technologies including nanolithography, 

nanotemplating, separation membranes, ion-conducting membranes, and photovoltaic 

devices as shown in Figure 1.1.6-11  The use of BP thin films for these applications 

requires precise control over nanostructure morphology, orientation, and ordering.  

Therefore, a more complete understanding of how to tune BP thin film self-assembly 

is necessary to unlock their full potential in shaping the field of nanotechnology. 

Chapter 1 
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Figure 1.1:  Potential technologies enabled and/or improved through BP thin film 
self-assembly into nanometer-scale periodic structures.  Adapted with 
permission from Hu, H. et al. Soft Matter 2014, 10, 3867-3889, 
Copyright 2014 The Royal Society of Chemistry.10 

1.2 Thermodynamics of Bulk Block Polymer Self-Assembly 

BPs self-assemble according to three main parameters in bulk systems: the 

polymer-polymer Flory-Huggins interaction parameter (χ) between each of the blocks, 

the degree of polymerization (N), and the volume fractions of each block (f).1, 12  

Additional factors such as chain architecture (e.g., linear, star, cyclic, graft, etc.), chain 

flexibility (flexible vs. stiff), and interfacial profile (e.g., tapered interface) also can 

affect the resulting morphology.4, 13, 14  For a diblock copolymer, a typical phase 

diagram and the most common morphologies are shown in Figure 1.2.  In the phase 

diagram of Figure 1.2, the y-axis is the segregation strength (χN) and the x-axis is the 
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volume fraction of one of the two blocks.15, 16  The segregation strength is a 

dimensionless measurement of the attractive and repulsive interactions between the 

individual polymer blocks and is the product of χ and N.  According to Flory-Huggins 

theory, χ represents the interactions between the polymer blocks and can be calculated 

from Equation 1.1 using the Boltzmann constant (kB), temperature (T), and contact 

energy between i and j segments (εij).2 

 χH =
1
kBT

εij −
1
2
εii +ε jj( )

"

#$
%

&'
 (1.1) 

The χ value calculated from Equation 1.1 denotes a purely enthalpic contribution (χH) 

and commonly is paired with an entropic contribution (χS) estimate of 0.34 as shown 

in Equation 1.2.17 

  (1.2) χ = χH + χS = χH + 0.34
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Figure 1.2:   Theoretical phase diagram for AB diblock copolymer melts indicating 
the regions in which BPs disorder or form ordered spherical (S), 
cylindrical (C), gyroid network (G), Fddd (O70) or lamellar (L) structures 
as determined by self-consistent field theory and the Flory-Huggins 
polymer-polymer interaction parameter (χ), degree of polymerization (N), 
and block volume fractions (f).  The phase diagram was adapted with 
permission from Matsen, M. W. Macromolecules 2012, 45, 2161-2165, 
Copyright 2012 American Chemical Society.15  The 3-D morphology 
illustrations were adapted with permission from Lynd, N. A. et al. Prog. 
Polym. Sci. 2008, 33, 875-893, Copyright 2008, Elsevier.16 

When χN is below a certain critical value, entropy dominates the energetic 

penalty of mixing polymer blocks, and a disordered phase is formed.  An increase in 

χN past the critical value results in phase separation. This conversion from a 

disordered phase to an ordered phase is called an order-disorder transition (ODT).  For 

symmetric diblock copolymers (fA = fB = 0.5), the ODT occurs at χN = 10.495, as 

calculated using self-consistent field theory (SCFT).18  BPs also can undergo order-

order transitions (OOTs) between different morphologies provided phase separation 
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occurs and either the χ or f value is altered.  The χ and f value can be modified through 

techniques such as mixing the BP with additives such as homopolymer chains or 

salt,19-22 introducing solvent swelling,23-25 or changing the temperature as shown in 

Equation 1.3, in which α and β are enthalpic and entropic coefficients for a particular 

BP.17, 26, 27 

  (1.3) 

The size scale, or domain spacing (L0), of the nanostructures that form during 

phase separation typically is between 5-100 nm and is related to the χ and N values 

and the chain architecture.  For a symmetric diblock copolymer in the strong 

segregation regime, L0 can be calculated using Equation 1.4, in which α is the 

persistence length of the polymer blocks.28 

  (1.4) 

 

1.3 Confinement Effects in Thin Films 

BPs with thicknesses less than approximately 1 µm, which typically is within 

one or two orders of magnitude of the nanostructure L0, experience confinement 

constraints due to thin film geometries that can alter the bulk self-assembly.8  

Conceptually, BPs attempting to accommodate a specific film thickness can encounter 

energetically unfavorable chain stretching and compression that drive self-assembly 

into conformations that mitigate these entropic penalties such as the formation of 

islands and holes and the reorientation of nanostructures.29-31  Surface-polymer 

interfaces also can provide enthalpic and entropic interactions that influence self-

assembly.32  For a given BP thin film, there are two polymer interfaces that are either 

χ =
α
T
+β

L0 =αχ
1/3N 2/3
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substrate (e.g., silicon, gold, mica, etc.) or free (i.e., air) surfaces.  Films with two 

substrate surfaces, one substrate and one free surface, and two free surfaces are 

referred to as hard confinement, soft confinement, and free-standing films, 

respectively.6  Among these categories, soft confinement films are the most widely 

used for the applications mentioned previously and will be the focus of the work in 

this dissertation. 

A summary of the different forces that drive BP self-assembly in soft 

confinement thin films was provided by Edwards et al. as shown in Equation 1.5.33 

  (1.5) 

In Equation 1.5, F is the total free energy per chain of the film and is the sum of the 

elastic energy from chain stretching and compression (Felastic), the interaction between 

the individual polymer blocks (Fpolymer), and the substrate-polymer (Fsubstrate) and free 

surface-polymer (Fair) surface energies.  To direct the self-assembly of BP thin films, 

each of these interactions has to be defined as they can strongly affect nanostructure 

morphology, orientation, and ordering. 

1.3.1 Film Thickness Effects 

The thickness of BP thin films dictates self-assembly through 

commensurability conditions that affect the degree of chain stretching and 

compression.  Essentially, a specific BP has an energetically favorable L0 that is 

dependent on polymer-polymer interactions.  Chain stretching and compression can 

lead to changes in the nanostructure morphology or orientation if films are cast at 

thicknesses that are not commensurate with the characteristic L0.  For example, 

Matsen et al. demonstrated that BP thin film nanostructures cast at incommensurate 

thicknesses can transition from parallel to perpendicular lamellae, a process that 

F = Felastic +Fpolymer +Fsubstrate +Fair
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mitigates chain stretching and compression.31  If polymer-polymer or surface-polymer 

interactions prevent nanostructure changes from reducing entropic penalties, 

incomplete film layers with thicknesses equal to L0 can form at the free surface into 

macroscopic structures referred to as islands and holes that reduce entropic penalties 

associated with chain stretching and compression (Figure 1.3).34-36 

 

Figure 1.3: Top-view optical micrograph of a gradient thickness poly(n-butyl 
acrylate-b-methyl methacrylate) BP film.  Scale bar represents 10 µm.  
At incommensurate thicknesses, energetically unfavorable chain 
stretching and compression resulted in the formation of incomplete layers 
of thickness L0 called islands and holes as shown in the side-view 
schematic; at commensurate thicknesses, chain stretching and 
compression is mitigated and featureless surfaces are formed.  The 
thickness difference between commensurate areas is equal to L0. 

In addition to the characteristic L0 of the BP, commensurability conditions are 

dependent on substrate and free surface-polymer interactions.  For lamellae- or 

cylinder-forming diblock copolymers, surfaces that are preferential for one block 
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typically result in parallel nanostructures, and the preferential block forms a wetting 

layer with the surface.6-8  If the same block is preferential for both surfaces, the 

wetting behavior is referred to as symmetric wetting and commensurate thicknesses 

(tc) occur at integer multiples of the domain spacing (tC = nL0; n = 1, 2, 3, …).  If a 

different block is preferential at each surface, the wetting behavior is referred to as 

asymmetric wetting and commensurate thicknesses occur at half-integer multiples of 

the domain spacing (tC = [n+0.5]L0; n = 1, 2, 3, …).  If neither block is preferential, or 

there is a weak preference, a neutral surface-polymer interaction exists and the 

nanostructures typically orient perpendicular to the substrate to reduce chain stretching 

and compression.37  Furthermore, if one surface is neutral and the other is preferential, 

island and hole formations develop with thicknesses equal to 0.5L0.38-40 

1.3.2 Substrate Surface Effects 

Substrate surface interactions strongly influence BP thin film orientation,41-43 

morphology,34 ordering,44, 45 bulk nanostructure uniformity,46-48 and stability by 

manipulating both interfacial (wetting behavior) and through-film phenomena.8, 49  

Morphology changes also can occur as one block is depleted from the bulk film to 

interact with the substrate depending on the volume fractions of the individual 

blocks.50  For example, hexagonally-perforated lamellae structures (HPL; lamellar 

stacks with the minority block lamellar domains penetrated by hexagonally packed 

cylinders of the majority block) can develop if the majority component block forms a 

wetting layer in cylindrical BP thin film systems.34  This effect explains why network 

structures are difficult to arrange in thin film systems.51, 52  Depletion of one or both 

layers can destabilize network morphologies and collapse the domains to cylindrical 

structures.  If neither block is preferential for the substrate, a neutral substrate-polymer 



 9 

interaction exists and the nanostructures orient perpendicular to the substrate.6  

Furthermore, in some systems the energetically favorable or unfavorable substrate-

polymer interactions result in the destabilization of the film and detwetting.49 

The preference of the substrate towards a particular block can be determined 

from interfacial energies associated with each substrate-polymer interaction (ΔγA), 

which can be calculated using the surface energy of the polymer block (γA) and the 

substrate (γS) as shown in Equation 1.6.53 

  (1.6) 

The block with the lowest interfacial interaction is considered preferential for the 

substrate, but if the two interfacial energy values are approximately equal, the 

substrate is considered to be neutral.54, 55  The difference between the interfacial 

energy values provides an estimate of the strength of the substrate-polymer interaction 

on self-assembly.53  The larger the interfacial energy difference, the more influence 

the substrate has over self-assembly including larger energetic penalties for forming 

defects.44, 45  Smaller defect densities in the film improve the overall ordering and help 

drive the formation of larger grains; large grains are necessary for the aforementioned 

applications. 

In addition to orientation, ordering, and morphological effects, substrate-

polymer interactions can direct through-film nanostructure uniformity.46, 56  The 

effects of substrate-polymer interactions propagate as a field through the film 

thickness.57  This interaction can drive the orientation of nanostructures, so the 

stronger the interaction the farther one continuous orientation persists through the 

film.41, 58  At some critical film thickness, the substrate-polymer interaction competes 

with the free surface-polymer interaction, which can result in a change in orientation 

ΔγA = γS −γA
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or a mixed orientation.56, 59  Further increases in film thickness result in a dominant 

free surface-polymer interaction that dictates the orientation.  Xu et al. demonstrated 

this phenomenon using cross-sectional transmission electron microscopy images to 

capture the onset of each transition in the film thickness as a function of substrate 

surface energy for poly(styrene-b-methyl methacrylate) (PS-PMMA) films on 

substrates modified with PS-PMMA random copolymer brushes, as shown in Figure 

1.4.46  The critical film thickness is dependent on the substrate-polymer interfacial 

energy, the competing free surface-polymer interfacial energy, and the polymer-

polymer interactions.60 

 

Figure 1.4: Cross-sectional transmission electron micrographs of PS-PMMA films 
on substrates modified with random PS-PMMA brushes with (a) 58 vol% 
and (b) 70 vol% PS in the random PS-PMMA monolayers.  The films are 
approximately 400 nm thick, and the scale bar equals 100 nm.  Because 
the surface energy of the 58 vol% PS monolayer was closer to a neutral 
condition, the substrate-polymer interaction did not propagate through 
the film as far as the 70 vol% PS monolayer, and the orientation of the 
nanostructures changed due to free surface interactions.  Adapted with 
permission from Xu, T. et al. Macromolecules 2005, 38, 2802-2805, 
Copyright 2005 American Chemical Society.46 
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To direct the desired self-assembly in BP thin films via substrate-polymer 

interactions, the substrate surface can be modified to tune the surface energy and 

subsequent interaction with the individual polymer blocks.  Traditional methods to 

change the substrate surface energy involve depositing a monolayer of either a random 

copolymer or small molecule mimics, such as chlorosilanes with different side-chain 

functionalities that match the polymer blocks, on the substrate.34, 37, 53, 56, 60-68  The 

monolayer coverage can be altered further using ultra-violet ozone or X-ray radiation 

to expose the underlying substrate and vary the surface energy.56, 69-72 

Rather than modifying the substrate surface energy, the creation of entropic 

substrate-polymer penalties via roughening of the substrate surface can lead to the 

formation of perpendicular nanostructure orientations.73-76  Kulkarni et al. determined 

that increases in substrate roughness resulted in more entropic penalties for wetting 

with a single block and easier pathways to the development of neutral wetting 

conditions.77  Rough substrates also can improve ordering in BP films provided the 

roughening is controlled in a periodic manner.78  This effect was demonstrated by Park 

et al. with a saw-tooth patterned substrate that led to the generation of well-ordered 

perpendicular cylinders in poly(styrene-b-ethylene oxide) films upon annealing.79  

This technique of changing entropic substrate-polymer interactions also can be used to 

direct the self-assembly of BP films into specific patterns, a process referred to as 

graphoepitaxy and discussed further in Section 1.5.1. 

1.3.3 Free Surface Effects 

As with the substrate surface, the free surface can have a preferential 

interaction with one of the blocks in the BP.  The block with the lower surface energy 

typically is preferential with the free surface, which can lead to the formation of a free 
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surface wetting layer.8  Because surface energy (γ) is temperature dependent (dγ/dT), 

preferential free surface interactions can be directed through modulation of the 

annealing temperature.  For example, PS and PMMA have different initial surface 

energies (γPS = 40.7 mJ/m2, γPMMA = 41.1 mJ/m2) and different temperature 

dependencies (dγPS/dT = -0.072 mJ/m2, dγPMMA/dT = -0.076 mJ/m2).17, 41, 54  At a 

temperature of approximately 170 °C to 230 °C, the two blocks have relatively the 

same surface energy and a neutral free surface interaction is formed.  Because the 

surface energies of most polymers do not naturally experience the same neutrality at 

reasonable temperatures as PS and PMMA, other techniques to tune the free surface 

interaction were developed such as solvent vapor annealing (SVA; Section 1.4.2) and 

top-coat modification.39, 40 

1.4 Annealing Techniques for Order/Orientation Control 

During casting of BP thin films, polymer chains become kinetically trapped in 

as-cast states as the solvent evaporates; the as-cast morphology consists of small, 

isotropic grains randomly distributed and oriented in the film.  The kinetic trapping 

occurs if at least one polymer block in the BP has a glass transition temperature (Tg) 

above room temperature.  As the film dries, the BP shifts from a “rubbery” state to a 

“glassy” state that limits chain mobility and prevents reorganization.  The films need 

to be annealed to convert the polymer chains back to the rubbery, mobile state to 

induce reorganization into larger grain sizes, higher degrees of ordering, and different 

orientations for commercial and research applications.80  Two common annealing 

techniques that provide mobility to polymer chains are thermal and SVA. 
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1.4.1 Thermal Annealing 

Thermal annealing is the process of heating a polymer film above the Tg of the 

polymer blocks, but below their degradation temperature, to shift the polymers from 

the glassy to rubbery state and promote nanostructure reorganization.81-84  Two key 

factors that are adjusted during thermal annealing are the annealing temperature and 

time.54, 85, 86  Each of these factors can influence the reorganization of polymer 

domains as has been demonstrated in the literature.81, 87-89  In a systematic analysis of 

annealing temperature and time conducted by Majewski and Yager, a range of 

different orientations and degrees of ordering in PS-PMMA films were achieved as 

shown in Figure 1.5.81  OOT’s also can occur as was demonstrated by Park et al. with 

poly(styrene-b-isoprene) films that transitioned from a hexagonally-perforated 

lamellae nanostructure to a gyroid network that was kinetically trapped when the film 

was quenched.90  A more detailed description of the thermodynamic and kinetic 

equations related to thermal annealing effects can be found in the literature.80 
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Figure 1.5: Scanning electron micrographs of oven annealed cylinder-forming 
PS-PMMA films over a range of different annealing times and 
temperatures.  The width of one image is 500 nm.  Adapted with 
permission from Majewski, P. W. and Yager, K. G. Soft Matter 2016, 12, 
281-294, Copyright 2016 The Royal Society of Chemistry.81 

1.4.2 Solvent Vapor Annealing 

SVA is an alternative approach to provide polymer chains the mobility to 

reorganize into lower energy states.  SVA is the process of exposing a BP film to 

solvent vapors that swell the film, plasticize the polymer chains, and effectively lower 

the Tg.91  Provided the concentration of solvent exposed to the films is sufficient to 

lower the Tg below room temperature, the polymer chains have enough energy to 

reorganize and form more ordered structures.92  The solvent in the film and at the 

interfaces also can alter substrate and free surface interactions,93-95 polymer-polymer 
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interactions and relative block volume fractions,96-103 and commensurability conditions 

through manipulation of parameters such as solvent choice, solvent uptake, annealing 

time, and solvent removal rate.92, 97, 104-106  These influences can reduce film 

roughness, prevent film dewetting, and alter nanostructure orientation, domain sizes, 

and morphology.8 

The traditional SVA method, bell jar SVA, seals a BP film and solvent 

reservoir in an airtight chamber for a set period of time that allows the film to swell 

and polymer domains to reorganize as the solvent saturates the chamber.  Then, the 

solvent is removed instantaneously by opening the seal and permitting the solvent 

vapor to escape, a process that kinetically traps the polymer chains in their annealed 

state.55, 99, 101, 107, 108  Although literature has demonstrated the effectiveness of this 

technique, it does not provide tunability over solvent swelling and deswelling, which 

can have a large impact on final film structure.  Therefore, flow SVA was developed 

to establish more defined control over solvent concentration levels (i.e., solvent vapor 

pressure).98, 109, 110  Flow SVA modulates the solvent partial pressure by bubbling a 

carrier gas (e.g., nitrogen) through solvent reservoirs and directing the solvent-rich 

stream into and out of the chamber housing the film.  The ratio of solvent to carrier 

gas in the inlet stream affects the solvent concentration and film swelling and 

deswelling.  Using flow SVA setups, several key parameters that direct the self-

assembly have been recognized: solvent choice, solvent uptake and swollen film 

thickness, annealing time, and solvent removal rate. 

1.4.2.1 Solvent Choice 

The choice of solvent used during SVA can affect the nanostructure self-

assembly, especially the morphology and orientation.  The solvent vapor can alter 
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polymer-polymer and substrate and free surface interactions, which can change the 

energetically favorable wetting behavior at each surface, the relative block volume 

fractions, and the interfacial curvature.93, 94, 96, 103, 106, 111-115  For example, Gowd et al. 

demonstrated that swelling cylinder-forming poly(styrene-b-4-vinylpyridine) films 

with chloroform or 1,4-dioxane resulted in parallel or perpendicular cylinders, 

respectively.116  They attributed the differences to the solvent preference modulating 

the swelling pathways through the phase diagram including through an ODT when the 

films were annealed with chloroform.  If confinement effects are mitigated via solvent 

exposure and swelling, metastable network formations can be kinetically trapped in 

thin film geometries.  This phenomena was noted by She et al. when poly(styrene-b-

lactide) films were annealed with chloroform, a nonpreferential solvent, on neutral 

substrates.51  The complete neutralization of confinement effects facilitated the bulk 

gyroid morphology to be stable in the ≈100 nm thick films. 

The transition between different orientations or morphologies cannot be 

achieved with a single solvent in most instances, so multiple solvents are combined in 

set ratios.103, 114, 117  For example, Chavis et al. used mixtures of tetrahydrofuran (THF) 

and methanol (MeOH) to swell poly(2-hydroxyethyl methacrylate-b-methyl 

methacrylate) (PHEMA-PMMA) films and reversibly change the morphology 

between spherical, cylindrical, lamellar, and gyroid nanostructures (Figure 1.6).114  

The different solvent-polymer interaction parameters for each solvent-polymer pair 

allowed the researchers to tune the swelling of the individual blocks to transition 

between morphologies, as tracked by grazing-incidence small-angle X-ray scattering 

(GISAXS), that were kinetically trapped when the solvent was removed from the film.  
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Interestingly, the same solvent conditions were used to produce gyroid networks and 

spheres, but longer annealing times led to the formation of different final structures. 

 

Figure 1.6: Atomic force micrographs (top row) and GISAXS profiles (bottom row) 
for PHEMA-PMMA films (a, b) as-cast, annealed in (c, d) 80/20 vol/vol, 
(e, f) 50/50 vol/vol, and (g, h) 20/80 vol/vol THF/MeOH for 45 min, and 
annealed in (i, j) 50/50 vol/vol THF/MeOH for 3 – 4 h.  Adapted with 
permission from Chavis, M. A. et al. Adv. Funct. Mater. 2015, 25, 3057-
3065, Copyright 2016 John Wiley & Sons, Inc.114 

1.4.2.2 Solvent Uptake and Annealing Time 

In general, the annealing time and swollen film thickness are key parameters 

that must be controlled to produce the desired nanostructures.96, 100, 111, 118-121  The 

primary concern for solvent uptake involves thermodynamics and whether or not there 

is enough solvent present in the film to lower the Tg of the BP below the sample 

temperature.  Then, the annealing time affects kinetics and whether or not the polymer 

chains have sufficient time to restructure into the lowest energy state.91  Additionally, 
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highly swollen films can overcome confinement affects to self-assemble into more 

ordered structures.  For example, Zettl et al. used SVA of gradient thickness 

poly(styrene-b-butadiene) films to demonstrate how larger degrees of swelling led to 

better ordered nanostructures; the degree of swelling decreased as initial film thickness 

increased.98 

 Although annealing time is easily controlled, solvent uptake requires more 

elaborate SVA setups such as flow SVA with in situ thickness measurements for 

precise regulation of solvent diffusion in the film.122  An understanding of how solvent 

partial pressure changes the amount of solvent diffusing into the film is needed to tune 

this parameter.  Flory-Huggins theory provides an estimate of solvent uptake in BP 

thin films using Equation 1.7.123 
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In Equation 1.7, p is the partial pressure of solvent, psat is the saturated vapor pressure, 

χH,p-s is the enthalpic component of the polymer-solvent interaction parameter, and φp 

is the volume fraction of polymer in the swollen film.  Estimation of the χH,p-s value, 

which can vary drastically in literature for the same polymer-solvent pair, can 

adversely affect the application of this equation.17  For this reason, Equation 1.7 

typically is used in solvent vapor swelling experiments to determine χH,p-s from 

measured solvent partial pressure and swollen film thickness values.122, 124 

1.4.2.3 Solvent Removal Rate 

A final important control parameter of SVA is the removal rate of solvent from 

the film, which can affect how the polymer chains transition from mobile to 

kinetically trapped states.  Researchers have noted nanostructure order and orientation 



 19 

differences by changing solvent removal rates.92, 106, 110, 111, 120, 125, 126  For example, 

using flow SVA of poly(styrene-b-isoprene-b-styrene) (SIS) films with controlled 

deswell rates between 0.05 nm/min and 0.5 nm/min, Albert et al. demonstrated how 

slower solvent removal rates can reorient nanostructures by creating a solvent removal 

front that propagates to the substrate surface.110  Furthermore, Elbs et al. explored how 

different solvent removal rates resulted in OOTs in poly(styrene-b-2-vinylpyridine-b-

tert-butyl methacrylate) triblock polymers, including transitions to complex patterns 

such as double-gyroids, core-shell cylinders, and helix-wrapped cylinders.125  A 

detailed analysis of SVA structural changes is presented in Chapter 4 that determines 

the transitions occur due to polymer-polymer and polymer-solvent thermodynamics 

and kinetic trapping. 

1.5 Directed Self-Assembly Techniques 

For many potential applications of BP thin films, the nanostructures must be 

aligned in a single direction or in a specific pattern.80, 127  Therefore, several directed 

self-assembly techniques have been developed to achieve defined directional or 

patterned control over nanostructure self-assembly. 

1.5.1 Graphoepitaxy and Chemical Prepatterning 

Graphoepitaxy is one of the more common approaches to direct nanostructure 

self-assembly due to its relatively unmatched control and flexibility.7  By etching 

trenches or periodic patterns in the substrate surface to change substrate-polymer 

interactions and define orientation and ordering energetics, graphoepitaxy has proven 

quite effective in producing high-degrees of ordering and uniform orientations in BP 

thin films.128-132  It is well understood that the improved control over ordering and 
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orientation is the result of commensurability conditions between the walls and 

increased substrate-polymer interactions, as has been measured by SCFT simulations 

paired with experimentation.133, 134  For example, SCFT simulations conducted by 

Mickiewicz et al. demonstrated how different parameters affect the overall ordering of 

spherical nanostructures and predicted the formation of aperiodic structures.135  

However, graphoepitaxy requires etching of the substrate surface, which produces 

non-smooth films for templating and sacrifices valuable substrate area, and the 

lithographic writing required to etch patterns into the substrate can be expensive for 

large substrate areas. 

As an alternative to graphoepitaxy, chemical prepatterning controls chemical 

deposition on the substrate to direct nanostructure pathways as demonstrated in Figure 

1.7.136-138  Rather than etching away substrate, chemical prepatterning uses lithography 

and chemical treatment to define periodic areas of the substrate that are preferential 

and commensurate for each polymer block in the BP.139-141  Then, the BP chains align 

in the pattern due to enthalpic preferences and the balancing of entropic forces that can 

dictate chain ordering and orientation.43, 142, 143  More complicated designs such as 

jogs, bends, and T-junctions have been fashioned with this approach.131, 137, 138, 144  The 

drawback of chemical prepatterning is that the template and BP nanostructure length 

scales often are similar, which results in a minimal gain from self-assembly.136, 145 
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Figure 1.7: Schematic representation of the chemical preprocessing technique in 
which a phenylethyltrichlorosilane (PETS) self-assembled monolayer 
(SAM), photoresist, and soft X-rays were used to generate PS and 
PMMA preferential patterns, on which PS-PMMA BP films were cast 
and thermally annealed.  With this technique, a multitude of patterns can 
be produced including lines, bends, jogs, and T-junctions.  The chemical 
prepatterning schematic was adapted with permission from Kim, S. O. et 
al. Nature 2003, 424, 411-414, Copyright 2003 Nature Publishing 
Group.136  The lines/bends and jogs/T-junction micrographs were adapted 
with permission from Chang, T.-H. et al. Sci. Rep. 2016, 6, 31407, 
Copyright 2016 The Authors, and Liu, G. et al. Adv. Funct. Mater. 2010, 
20, 1251-1257, Copyright 2010 John Wiley & Sons, Inc, respectively.137, 

138 

1.5.2 Zone Casting/Annealing 

Zone processing techniques exploit concentration or thermal gradients to 

generate sharp ordering fronts that guide self-assembly.127 One such example is zone 

casting.  Originally used to facilitate the growth of oriented small molecule crystals,146 

zone casting incorporates a narrow line-slit nozzle and moveable substrate to generate 



 22 

highly-ordered BP nanostructures parallel or perpendicular to the substrate in one 

continuous motion.112, 147  Capillary forces between the slit and substrate produce a 

polymer solution meniscus that moves with the substrate during casting.  Factors such 

as solution deposition rate, temperature, and substrate velocity tune the solidification 

front as the film dries, which leads to the creation of directionally-aligned 

nanostructures with minimal defects. 

The generation of highly-ordered BP nanostructures also can be accomplished 

with sharp thermal gradients that anneal the film above the TODT, then quickly cool the 

film below the TODT.  This process, termed hot zone annealing (HZA) by Hashimoto et 

al., was employed to align nanostructures perpendicular to the thermal gradient across 

large areas of films.148-150  As an alternative to HZA, cold zone annealing (CZA) 

incorporates the same thermal gradients, but the maximum temperature does not 

exceed the TODT.151-155  CZA can align polymer domains that are thermally-sensitive or 

large molecular weight BPs with TODT’s that are inaccessible with HZA.151  

Furthermore, to improve the ordering kinetics, Singh et al. placed an elastomeric 

polydimethylsiloxane (PDMS) pad to the BP film to generate shear during directional 

expansion and contraction from the dynamic thermal field provided by CZA.156  With 

this technique, termed cold zone annealing with soft shear (CZA-SS), the oscillatory 

shear imposed by the PDMS pad on the BP film provides near-perfect (>99%) 

ordering at relatively fast annealing speeds (≈0.2 mm/s) and in a manner amenable to 

roll-to-roll processing.157 

As an advancement of CZA, Majewski and Yager developed laser zone 

annealing (LZA), a process that exploits photothermal shear stresses to create thermal 

gradients of 4000 °C/mm used to direct BP nanostructures in a manner of seconds to 
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milliseconds.158  In LZA, a high intensity laser is rastered across a film, cast on a light-

absorbing layer (e.g., germanium), with defined directional control (Figure 1.8).158 

The intense thermal gradient created by the laser generates a shear field that increases 

the ordering kinetics of the nanostructures by at least three orders of magnitude.158, 159  

To achieve near-perfect alignment of nanostructures with the faster ordering kinetics, 

LZA with soft shear was developed by adding a PDMS pad for directional shear.160  

Majewski and Yager demonstrated that even shorter laser bursts over the course of 

milliseconds during LZA could provide breakup of grains and latent alignment 

pathways.161  A post-process thermal anneal reconnected the broken domains in the 

alignment direction for improved nanostructure ordering.  Novel approaches such as 

these not only meet the time scales for alignment and degrees of ordering sought by 

industries but also are relatively universal to the growing number of BP systems. 
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Figure 1.8: Schematic of laser zone annealing technique used to order and align BP 
thin film nanostructures: Photothermal gradients generated from a high-
intensity laser and a light-absorbing germanium monolayer improved 
ordering kinetics by at least three orders of magnitude and provided 
nanoscale control over directionality to produce patterns such as 
T-junctions.  Adapted with permission from Majewski, P. W. and Yager, 
K. G. ACS Nano, 2015, 9, 3896-3906, Copyright 2015 American 
Chemical Society.158 

1.5.3 Shear-Alignment 

As was discussed in Section 1.5.2, shear fields can direct the self-assembly of 

BP thin films.  Shear-alignment techniques overcome energetic penalties of grain 

breakup and reorganization to align nanostructures in the direction of the shear 

force.10, 80, 127  Seminal work on the shear-alignment of BP thin films by Register and 
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coworkers, displaced cross-linked PDMS pads across the free surface of heated 

poly(styrene-b-ethylene-alt-propylene) films to generate well-ordered parallel cylinder 

nanostructures.162  With the advantages of low-cost and relative universality across 

different BP systems, the use of shear-alignment in BP thin films has grown 

significantly in recent years.  The evolution of shear-alignment methods has led to 

several improvements and the development of numerous different shear-alignment 

strategies with two broad categories being hard and soft shear approaches. 

1.5.3.1 Hard Shear 

Hard shear processes exploit manual displacement of the PDMS pad in direct 

contact with the BP film to align nanostructures into large, continuous grains.  To 

provide mobility to the polymer chains as the shear fields are applied, films are 

thermally annealed at a temperature above the Tg of the BP.162-164  This method has 

been employed for a wide-variety of polymer chemistries, morphologies, and 

orientation, and easily can be adjusted for different alignment areas by changing the 

size of the PDMS pad.163, 165-170  For example, Davis et al. demonstrated how 

extremely viscous PDMS gels (2,000,000 cps) can align BP nanostructures in a cone 

and plate rheometer, which demonstrates the relative ease in aligning nanostructures 

with shear fields.171  Hard-shear-aligned films also can be stacked to make nanosquare 

arrays or chemical prepatterns for seed-mediated alignment of BP films.172, 173  

However, the alignment of nanostructures from hard shear approaches diminishes 

beyond the first layer in contact with the PDMS, and the time scales for high degrees 

of alignment typically are on the order of several hours.162, 171 

To overcome potential problems with high temperature degradation and long-

time scales, Jeong et al. used solvent swelling rather than thermal treatment to provide 



 26 

mobility to polymer chains.174  By swelling a PDMS pad and manually dragging it 

across a BP film, they were able to achieve high degrees of ordering and alignment in 

PS-PDMS films over several minutes instead of hours.  The close proximity of the 

solvent-swollen pad allowed solvent to diffuse into the film and provided mobility to 

the polymer chains during the application of shear.  Furthermore, by adding multiple 

coating and alignment steps, crossed nanowire patterns were generated across large 

areas of the films.174 

1.5.3.2 Soft Shear 

As an alternative to hard shear approaches, soft shear-alignment uses shear 

fields induced by differences in material properties.  For example, CZA-SS and 

LZA-SS (discussed in Section 1.5.2) exploit thermal expansion differences to create 

shear fields.  Another approach is to swell both the film and the PDMS pad 

simultaneously with SVA; this process is referred to as solvent vapor annealing with 

soft shear (SVA-SS).175-177  Isotropic swelling and deswelling of the PDMS pad on the 

film, which only swells vertically, generates a shear field in the direction of the 

swelling and drying fronts as shown in Figure 1.9.175  Specifically, the swelling front 

shear field breaks up the nanostructures into smaller grains, and the drying front 

provides a shear direction during nanostructure re-assembly.161, 178  As demonstrated 

by Qiang et al., SVA-SS can generate near-perfect alignment and ordering in minutes 

and in controllable directions and designs.175, 176 
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Figure 1.9: Schematic representation of SVA-SS.  A PDMS pad, with initial 
dimensions L0 and W0, is placed on a BP film and exposed to solvent 
vapor.  The solvent vapor swells the PDMS to new dimensions L and W 
and provides mobility to the polymer chains in the film.  During solvent 
removal, a drying front propagates from one corner of the PDMS to align 
nanostructures until solvent is completely removed from the system.  
Adapted with permission from Qiang et al. Soft Matter, 2014, 10, 6068-
6076, Copyright 2014 The Royal Society of Chemistry.175 

An expansion to SVA-SS, Luo et al. used raster solvent vapor annealing with 

soft shear (RSVA-SS) approach on an x-y motor stage to “write” patterns in SIS films 

at draw speeds on the order of 10 µm/s.179  RSVA is an SVA setup that dispenses 

controlled concentrations of solvent vapor directly into the BP via a flat-tipped needle 

held several hundred microns above the film.180  The film rests on a motorized x-y 

stage to incorporate precise control over where the solvent is and is not injected into 

the polymer.  Therefore, the swelling and drying fronts were defined and the 

researchers were able to direct the nanostructures in the patterns of their choosing.  

Furthermore, they demonstrated how the geometry of the rastering solvent injector can 

change from a needle to a slit to cover different surface areas in the same annealing 

time.179  This approach is amenable to roll-to-roll processing of BP thin films for the 

high-throughput generation of aligned nanostructures. 
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1.5.4 Electrical/Magnetic Field Alignment 

The use of electric or magnetic fields to direct the alignment of BP film 

nanostructures is well-established techniques in literature.10, 127  With electric field 

alignment, differences in dielectric permittivity between blocks result in the formation 

of well-ordered structures to reduce the orientation dependent electrostatic energy that 

develop when electric fields are applied to the BP.181-187  Electric fields also can 

manipulate interactions to reorient nanostructures and cause morphology shifts.183, 188  

For example, Xu et al. witnessed a transition from spherical to cylindrical domains in 

PS-PMMA BP films exposed to electric fields.183  The electric field caused spheres to 

stretch and led to the coalescence of domains into ellipses and ultimately cylindrical 

structures.  The restructuring process in the electric field requires the film to be heated 

above its ODT temperature (TODT) before restructuring can occur.10  Therefore, 

polymers with high TODT’s can degrade before alignment occurs, making the process 

unfavorable, and strong surface-polymer interactions can limit electric field alignment 

near interfaces, which can lead to non-uniform orientations through the film 

thickness.185, 189, 190 

In comparison to electric field alignment, magnetic field alignment occurs to 

minimize the orientation dependent magnetostatic energy from anisotropy in the 

magnetic susceptibility parameters between different blocks.10, 127  Therefore, 

magnetic field alignment is only feasible for BPs that have a block with a large 

magnetic susceptibility; this requirement normally applies to liquid crystalline (e.g., 

poly[ethylene oxide-b-6-(4′-cyanobiphenyl-4-yloxy) hexyl methacrylate])191 or semi-

crystalline (e.g., poly[ethylene oxide-b-butadiene]) BPs.192  Even with this limitation, 

high degrees of ordering and orientation control with magnetic field alignment have 

been discussed in the literature.193-198 
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1.6 In Situ Measurements During Annealing 

To study the interplay between BP thin film self-assembly kinetics and 

thermodynamics, researchers have conducted in situ experiments that track temporal 

domain restructuring during specific annealing processes.199  These experiments have 

afforded key fundamental insights into various annealing approaches and have 

provided predictive control and tunability for the directed self-assembly of BP films.  

In situ measurements of BP films during annealing have been conducted with real 

space (e.g., atomic force microscopy, optical microscopy) and reciprocal space (e.g., 

X-ray scattering, neutron scattering) experimental techniques.  Although real space 

techniques detail the actual nanostructures, reciprocal space techniques can provide 

large-scale information about small-scale features for improved statistical analysis.  In 

situ experiments also can identify key parameters that go unnoticed in ex situ 

experimentation.  Defining the underlying mechanisms governing each annealing 

technique has led to the development of improved and more universal directed self-

assembly approaches.199  Therefore, in situ experimentation is exploited heavily in this 

dissertation work, most notably in Chapters 3, 4, and 5. 

1.7 Dissertation Overview 

Significant work to improve BP thin film directed self-assembly and to create 

predictive formalisms, a fundamental understanding of the interplay between kinetics 

and thermodynamics, and advancements of current characterization and annealing 

approaches are described in this dissertation.  Work in this dissertation focused on the 

development of innovative techniques to investigate the restructuring of nanoscale 

features over macroscopic areas and emphasized neutron scattering methods and in 

situ analysis tools to gain key insights about the kinetics of different directed self-
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assembly procedures.  Specifically, chlorosilane monolayers, gradient thickness films, 

and high-throughput optical microscopy were used to measure the nuanced effects of 

individual dispersive and polar components of the surface energy on BP nanostructure 

self-assembly in thin films.53, 56  Predictive maps were generated to define what 

orientation and degree of nanostructure ordering from the substrate to free surface 

would be expected provided the dispersive and polar surface energy components of 

the substrate and polymer blocks and the film thickness are known.  In collaboration 

with the National Institute of Standards and Technology (NIST) Center for Neutron 

Research (NCNR), a series of in situ small-angle neutron scattering and neutron 

reflectometry (NR) experiments were conducted during SVA and SVA-SS to track 

nanostructure rearrangement kinetics and thermodynamics.92, 178  It was determined 

that the pathway to kinetic trapping of the polymer chains during solvent removal 

dictated the nanostructure formation in the film, and annealing protocols were 

developed to take advantage of these effects.92  From SVA-SS results, a key grain 

breakup step was discovered during solvent swelling that permitted nanostructure 

alignment during deswelling, and engineered methods were established to control 

drying fronts and alignment pathways.178  Knowledge gleaned from in situ SVA-SS 

experiments led to the development of a novel flow coating device to cast and shear-

align BP nanostructures simultaneously over the course of a few seconds.  Lastly, NR 

was used as a non-destructive, high-resolution characterization tool to improve 

measurements of lithium salt distributions in BP electrolyte films.  NR results for an 

array of different salts and salt concentrations provided strong evidence that lithium 

salts distribute evenly within the poly(oligo[oxyethylene]methacrylate) (POEM) 
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domains of PS-POEM BP thin films, which affects ion conductivity pathways in 

polymer electrolyte membranes. 

In Chapter 2, a detailed description of the different surface and thin film 

characterization tools used in this dissertation is presented.  In Chapter 3, the 

development of surface energy formalisms that describe how individual polar and 

dispersive surface energy components affect wetting behavior, through-film driving 

forces for self-assembly, and the propagation distance of the substrate surface energy 

effects is discussed.  In Chapter 4, the use of in situ SANS and NR during SVA is 

explored to track solvent uptake and nanostructure reorganization as a function of 

solvent concentration.  In Chapter 5, a kinetic and thermodynamic analysis of SVA-SS 

developed from in situ SANS experiments is detailed along with methods for 

improved directional control and ordering during SVA-SS and the development of a 

novel flow coating device that simultaneously casts and shear-aligns nanostructures.  

In Chapter 6, the use of NR to study how salt partitions within salt-doped BP 

electrolyte thin films and how the distribution affects conductivity kinetics for battery 

membrane applications is investigated.  Chapter 7 concludes the dissertation with a 

summary of the main results and potential future studies of BP thin films to improve 

spatial control over SVA-SS with patterned PDMS, radially-align nanostructures with 

shear forces during spin coating, reversibly roughen substrate surfaces and simplify 

the generation of perpendicular nanostructures, explore novel BP architectures such as 

star BPs, and design next-generation neutron scattering tools to explore BP thin film 

self-assembly further. 
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EXPERIMENTAL METHODS AND CHARACTERIZATION TECHNIQUES 

The experimental methods used to fabricate, process, and characterize block 

polymer (BP) thin films are detailed in this chapter.  Specifically, the fundamental 

concepts behind each technique and how each was incorporated in the overall analysis 

of this dissertation are highlighted.  Exact experimental conditions are provided in 

later chapters along with the collected results. 

2.1 Substrate Modification 

Substrate surfaces can be modified to alter substrate-polymer interactions and 

direct nanostructure orientation and ordering.  The three most common techniques to 

change substrate surfaces are ultra-violet ozone (UVO) radiation, chlorosilane 

deposition, and random copolymer monolayers.  In the following sections, the utility 

of each of these methods on silicon substrates will be discussed. 

2.1.1 Ultra-Violet Ozone 

UVO radiation is used to etch organic contaminates from the wafers and leave 

behind an oxide surface layer.1  In this dissertation work, UVO was conducted in a 

UVO cleaner (model 342, Jelight Co., Inc.) for ≈1 h prior to film casting or substrate 

modification with chlorosilanes or random copolymers to ensure the substrate was 

clean and functionalized.  A high-intensity UV light within the cleaner created ozone 

molecules that readily reacted with contaminant molecules on the substrate to form 

simpler volatile molecules such as CO2, H2O, and N2; more oxygenated chemical 

Chapter 2 
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moieties (e.g., hydroxyl, carbonyl, carboxyl) are generated on the surface as a 

byproduct of this reaction.2  After UVO cleaning, silicon wafers were rinsed with 

toluene and dried with nitrogen three times to remove any contaminants left on the 

surface.  Controlled UVO also can etch chlorosilane and random copolymer 

monolayers to expose the underlying silicon oxide layer and tune the overall substrate 

surface energy.2, 3 

2.1.2 Chlorosilane Deposition 

For more precise tuning of polar and dispersive surface energy components, 

chlorosilanes with different side-chain groups can be deposited on the substrate 

surface.4-9  Chlorosilanes are a series of chemicals that have at least one silicon-

chlorine bond that can react covalently with the oxide surface of silicon wafers after 

UVO cleaning.  Chlorosilane functionality, or functionalities if one or more 

chlorosilanes are mixed, can include alkyl-, aromatic-, methacrylate-, acetyl-, and 

fluorinated groups that change the surface energy of chlorosilane-modified substrate 

surfaces.  Furthermore, chlorosilane deposition can be paired with UVO or X-ray 

exposure after deposition to degrade the monolayer partially and modify the substrate 

surface energy, particularly the polar component.2, 8, 10, 11  Because chlorosilanes with 

multiple silicon-chlorine bonds form siloxane with the silicon substrates, only 

monochlorosilanes, chlorosilanes with one silicon-chlorine bond, were used in this 

dissertation. 

In this dissertation, chlorosilane monolayers were deposited on UVO cleaned 

silicon substrates via liquid or vapor deposition.  The liquid deposition technique 

exploits direct contact between the chlorosilane and the silicon substrate to accomplish 

substrate modification.  In this approach, pure or mixed chlorosilanes (>1 mL) were 
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dropped on the substrates with a Pasteur pipette until a thin liquid layer covered the 

entirety of the wafer area.  The chlorosilanes reacted with the substrate for 2 h in a 

sealed glass petri dish wrapped in aluminum foil to trap the volatile chlorosilanes.  

Modified substrates were rinsed with toluene and dried with nitrogen several times to 

remove any unreacted chlorosilane.  Although liquid deposition is faster, Albert et al. 

demonstrated how vapor deposition could create controlled gradient monolayers of 

two or more chlorosilanes across a substrate surface to analyze the nuanced effects of 

substrate surface energy on BP self-assembly.4  Vapor deposition was conducted using 

a vacuum chamber to evaporate the chlorosilane, provided the vapor pressure was less 

than ≈5 torr at 100 °C, which then reacted as it passed over a cleaned silicon wafer.5  

To ensure the chlorosilane had sufficient time to react, dynamic vacuum was pulled 

for 4 – 6 h. 

2.1.3 Random Copolymer Monolayers 

Random copolymer monolayers provide a compositional match to the BP film 

components for the generation of completely neutral substrate-polymer interactions.  

To functionalize a substrate with a random copolymer, the monolayer must be side- or 

end-chain grafted to the silicon to form a brush layer.12-17  Grafting the polymer to the 

substrate prevents it from dissolving when the polymer solution is cast.  For this 

dissertation, glycidal methacrylate end groups were incorporated into the random 

copolymers and attached to the substrate through exposure to UV-radiation and 

thermal annealing to react the end-group with the silicon surface. 
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2.2 Contact Angle Goniometry 

Contact angle goniometry is used to characterize the surface energy of the 

substrate before and after modification with chlorosilanes and random copolymers.  

The technique measures the contact angle of a liquid droplet on a solid surface, as the 

droplet shape and area are related to the solid-liquid interaction.  If the drop is static on 

the substrate, the measured contact angle (θ) and surface energy are correlated 

according to Young’s equation shown in Equation 2.1.18 

  (2.1) 

In Equation 2.1, γLV is the surface tension of the liquid in equilibrium with its saturated 

vapor, γSV is the surface tension of the solid in equilibrium with the saturated vapor of 

the liquid (i.e., surface energy of the solid [γS]), and γSL is the surface tension between 

the solid and liquid (Figure 2.1).19  Several adaptations of Young’s equation have been 

developed to determine surface energy components of solid surfaces.20-23  One notable 

surface energy equation used in this dissertation is the Owens-Wendt equation 

(Equation 2.2), which decouples the total surface energy into individual dispersive (D) 

and polar (P) components.20 

  (2.2) 

The Owens-Wendt equation requires two contact angle fluids to calculate the different 

interactions.  Preferably, the two fluids have substantially different dispersive and 

polar components (i.e., one polar and one nonpolar fluid) to produce large differences 

in the measured contact angles and more accurate calculations.  However, consistency 

in calculations and contact angle fluids is the most important factor to prevent surface 

energy variations on the order of ±5 mJ/m2.  Because the comparable polymer, contact 

angle fluid, and substrate surface energy values in literature were calculated with the 

γLV cos(θ ) = γSV −γSL

(1+ cos(θ ))γLV = 2 γS
DγLV

D + γS
PγLV

P( )



 49 

Owens-Wendt equation, Equation 2.2 was used to evaluate the surface energies of 

modified substrates in this dissertation. 

 

Figure 2.1: Visual representation of the different surface energy components of 
Young’s equation for a liquid drop on a solid surface.  Adapted with 
permission from Makkonen, L. J. Phys. Conden. Matter 2016, 28, 
135001, Copyright 2016 IOP Publishing Ltd.19 

Dynamic contact angles can be measured in the form of advancing (θa) and 

receding (θr) angles.  Dynamic contact angles can provide better estimates of the total 

surface energy and roughness than static contact angles, but both are effective when 

studying relative surface energy values and correlations.24  Furthermore, dynamic 

contact angle measurements are difficult to gauge for contact angle fluids with large 

degrees of droplet spreading (i.e., diiodomethane on nonpolar substrates and water on 

polar substrates); however, these fluids are necessary to calculate individual dispersive 

and polar surface energy components on substrate surfaces.  Static contact angles from 

Millipore water (polar) and diiodomethane (non-polar) were used for analyses in this 

dissertation; however, future work should seek to incorporate dynamic contact angle 

measurements. 
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In this dissertation work, static contact angle measurements were recorded for 

each fluid by dispensing 0.3 µL of the fluid on the substrate surface with a Distriman 

pipette.  The droplets were given sufficient time to equilibrate (≈0.1 s for water and 

≈0.3 s for diiodomethane) before image analysis was conducted to measure the contact 

angle.  First Ten Ångstroms software was used to record videos with frame-by-frame 

image breakdowns to ensure the droplet shape had stopped changing and to provide 

accurate measurements. 

2.3 Thin Film Casting 

To generate thin film geometries on a substrate surface, one of several different 

techniques can be used: spin coating, flow coating, dip coating, electrospray 

deposition, etc.  Each casting method has its own set of advantages and disadvantages 

depending on factors such as desired film thickness, casting speed, solution volume, 

drying rate, etc.25  To this end, two thin film casting methods were used in this 

dissertation, spin coating and flow coating. 

2.3.1 Spin Coating 

A typical spin coating process has three key steps.  First, the polymer solution 

is deposited on the substrate to wet the entire surface area (≈0.2 mL).  Then, the 

substrate is spun at high speeds (300-8000 rpm) to spread and spin off excess solution.  

The substrate is held in place in the spin coater during this step by pulling slight 

vacuum.  Lastly, the remaining solution on the substrate evaporates over time, leaving 

behind a thin, uniform thickness BP film.  The final film thickness (t) is dependent on 

factors such as the polymer solution concentration and viscosity but generally is 
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proportional to the inverse square root of the spin speed (ω) as shown in Equation 

2.3.26, 27 

  (2.3) 

Spin coating can be used to make uniform thickness films quickly and with relative 

ease and reproducibility.  However, spin coating is a batch technique that has 

moderately low throughput in comparison to methods that are continuous or amenable 

to roll-to-roll processing.  Furthermore, because a substantial portion of the polymer 

solution is lost during the spin-off stage of casting, spin coating requires large solution 

volumes, which can be difficult if polymer amounts are limited. 

2.3.2 Flow Coating 

In contrast to spin coating, flow coating (or blade coating) is a continuous 

process that generates a polymer film using a rigid casting blade and a programmable 

moving substrate (Figure 2.2).28, 29  The polymer solution is injected between the 

casting blade and the substrate at set volumes (10 – 250 µL), and the height and tilt 

between the glass blade and substrate is adjusted to control film thickness and 

uniformity.  Then, the substrate is drawn underneath the glass blade at set velocities 

(1 – 20 mm/s); higher velocities result in thicker films.  Flow coated films can be 

produced in a high-throughput manner without sacrificing thickness, precision, and 

reproducibility.29  Additionally, flow coating can be used to generate both even 

thickness and gradient thickness films.  By incorporating acceleration in the motor 

stage programming, the velocity increases as the substrate is drawn under the casting 

blade.  The changing velocity gradually increases the amount of solution left by the 

blade and the thickness across the film.  Gradient thickness films have proven useful 

t∝ 1
ω
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in providing libraries of data to measure the nuanced effects of film thickness 

parameters on self-assembly.6, 8, 9, 30 

 

Figure 2.2: Schematic of flow coating setup with key parameters labeled.  As the 
motor stage holding the substrate is drawn under the casting blade with 
speed U, polymer solution is left behind.  Then, the solvent evaporates 
from the solution leaving behind a dry polymer film.  Adapted with 
permission from Davis, R. L. et al. Langmuir, 2014, 30, 5637, Copyright 
2014 American Chemical Society.29 

2.4 Block Polymer Thin Film Processing 

BP thin film nanostructures typically are poorly ordered and randomly oriented 

throughout the film after film casting.  To manipulate the nanostructure morphology 

into lower energy states or directed self-assembly patterns, polymer chains need 

sufficient mobility to diffuse.  The two most common strategies to provide polymer 

chain mobility are thermal annealing and solvent vapor annealing (SVA). 

2.4.1 Thermal Annealing 

Thermal annealing is the technique of heating a BP film above the glass 

transition temperatures (Tg) of the individual blocks without exceeding the degradation 

temperatures.  Above their Tg, the polymer chains transition from a glassy state to a 

rubbery state, which enhances mobility to reorganize into lower energetic 

conformations.31  A more thorough description of thermal annealing can be found in 
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Section 1.4.1.  For this dissertation, the majority of thermal annealing was conducted 

in a vacuum oven (Lindberg Blue M, ThermoScientific) at controlled temperatures 

between 100 °C and 200 °C and annealing times between 2 h and 48 h.  For all 

samples that were oven annealed, vacuum was pulled until the pressure was below 

20 mTorr.  Then, the oven was turned on with a temperature ramp of approximately 

3 °C/min to the set temperature.  Hot plates also were used to thermally anneal BP 

films in air for faster sample throughput.  The temperature of the hot plate surface was 

measured with a non-contact infrared thermometer.  After annealing, all films were 

quenched on a metal plate to bring the polymer chains to room temperature and 

kinetically trap the nanostructures. 

2.4.2 Solvent Vapor Annealing 

SVA is the process of exposing a BP film to a solvent atmosphere that swells 

the film, plasticizes the polymer chains, and effectively lowers the Tg’s of the blocks 

below room temperature.32  SVA provides the same mobility to the BP as thermal 

annealing, but it does not risk potential film degradation from high temperatures.  A 

more complete description of SVA can be found in Section 1.4.2. 

Three different SVA setups were used for this dissertation: bell jar SVA, flow 

SVA, and raster solvent vapor annealing (RSVA).  Each of these techniques is 

discussed in detail in Section 1.4.2.  In bell jar SVA, BP films were placed inside an 

air-tight chamber with a solvent reservoir (≈5 mL in a 10 mL beaker).  After a set 

anneal time, the chamber seal was broken to remove the solvent from the film 

instantaneously.  Flow SVA was conducted to add regulation over solvent 

concentrations and swelling and deswelling rates.  In flow SVA, a continuous solvent 

vapor stream was produced by flowing nitrogen through solvent bubblers at set flow 
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rates controlled via mass flow controllers.  Multiple solvent bubblers were 

incorporated in series or parallel to increase the maximum solvent concentration and 

change the solvent concentration/composition, respectively.  An additional diluent 

carrier gas stream also was included to regulate the partial pressure of solvent exposed 

to the films.  RSVA was used to dictate the solvent concentration and diffusion 

locations by adding a flat-tipped needle to the flow SVA technique that directed where 

the film did and did not swell (Figure 2.3).33  The motion, speed, and height of the 

needle above the film were controlled with a motorized stage and micrometers to 

regulate solvent flux, film coverage, and nanostructure rearrangement. 

 

Figure 2.3: Schematic of RSVA.  The flat tip needle directs the solvent into specific 
areas of the film to induce nanostructure reorganization.  In combination 
with an x-y motor stage, 2-D patterns can be drawn into the BP film with 
solvent vapors.  Adapted with permission from Seppala, J. E. et al. ACS 
Nano, 2012, 6, 9855, Copyright 2012 American Chemical Society.33 
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2.5 Polydimethylsiloxane Preparation for Shear-Alignment 

Polydimethylsiloxane (PDMS) pads were placed on BP films and exposed to 

either flow SVA or RSVA to initiate shear alignment of domains via solvent vapor 

annealing with soft shear (SVA-SS).34-36  PDMS pads were produced by mixing 

appropriate ratios (5:1, 10:1, 15:1, or 20:1) of elastomer and initiator (Dow Corning 

Sylgard 184), pulling dynamic vacuum to remove bubbles, and pouring the elastomer 

into molds (e.g., Teflon blocks, petri dishes, etc.).  The amount of PDMS dispensed 

into each mold was calculated to generate 0.3 – 0.5 mm even thickness pads or 

gradient thickness PDMS pads with an initial thickness of 0.3 – 0.5 mm.  Then, the 

PDMS was degassed for 30 min prior to heating in a vacuum oven at 65 °C for 3 h to 

crosslink the PDMS.  Molds were removed from the oven after annealing and allowed 

to cool overnight before use.  PDMS pads were placed on films slowly to reduce 

trapping air bubbles between the PDMS and BP that prevent shear forces. 

2.6 Spectral Reflectance 

Spectral reflectance (SR) was conducted to determine film thicknesses after 

casting and during SVA by measuring the intensity of light reflected from a BP film 

across a range of wavelengths (400 – 1000 nm).  The incident and reflected light are 

normal to the film in contrast to ellipsometry, which quantifies light reflectance at an 

angle.37  With SR, film thicknesses greater than approximately 10 nm can be assessed 

accurately in  ≈0.1 – 5 s.  Ellipsometry can evaluate film thicknesses less than 10 nm, 

but ≈1 – 300 s is needed per measurement.  Furthermore, the integration of 

ellipsometry in a flow SVA system is more difficult without specially designed 

chambers that allow light to pass through at specific angles.  Due to the lower 
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measurement time scales, easier operation, ability to measure through sealed glass 

chambers, and lower cost, SR was used in favor of ellipsometry for this dissertation. 

During SR, reflection occurs when the incident light travels across the 

air/polymer and polymer/substrate interfaces.  The amount of reflection is dependent 

on the refractive index (n) and extinction coefficient (k) of the two mediums at the 

particular interface.  The reflected waves can experience either constructive 

(Equation 2.4) or destructive interference (Equation 2.5) depending on the phase 

relationship of the reflections, which can be calculated with n, k, the film thickness (t), 

and wavelength of light (λ) of each layer.  

  (2.4) 

  (2.5) 

Then, the reflected light intensity (R) at a particular λ can be determined with 

Equation 2.6, in which A and B are constants that include k, n, and roughness 

parameters.37 

  (2.6) 

Recording the total reflectance at each wavelength during an SR measurement 

produces a reflectance spectrum that can be modeled to extract the values of the 

parameters for each layer, including the film thickness, using Equation 2.6.  A 

schematic of the SR process is shown in Figure 2.4.37 
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Figure 2.4: Visual description of spectral reflectance setup (left side), which uses a 
fiber optic cable to generate light that reflects off the sample and to 
measure the intensity of light as it returns.  As the light travels through 
different layers of the film/substrate (right side), it is either reflected or 
transmitted.  The intensity and phase (ϕ) of the reflected light produces a 
reflection pattern, which can be modeled using refractive index (n) and 
extinction coefficient (k) parameters of the different layers to extract the 
film thickness (d).  Images from Filmetrics.com.37

 

For this dissertation, BP film thicknesses were measured using a Filmetrics 

F20-UV reflectance spectrometer recording reflected light intensities over a range of 

wavelengths (400 – 1000 nm).  Reflectance profiles were modeled with FILMeasure 

software that adjusted n and t values to produce calculated curves that matched the 

data with goodness of fits above 0.98.38  However, if the value of n for the BP could 

be estimated from the volume fraction and n of the individual polymer blocks, only t 

was varied to generate more accurate fits; film thickness accuracy was within ±2 nm.  

The parameters k and r were set to zero for all fits, which were considered reasonable 

estimates since none of the polymers used in this dissertation were optically active, 

and atomic force microscopy confirmed a typical surface roughness of less than 5 nm. 
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2.7 Optical Microscopy 

Optical microscopy (OM) is a characterization tool that uses visible light 

reflected off or transmitted through BP thin films and one or more lenses to generate a 

magnified (0.2 µm resolution) view of the samples.  Although this resolution is not 

sufficient to image the nanostructures, it is appropriate to capture island and hole 

formations that develop at incommensurate thicknesses.6, 8, 9, 39, 40  The slightly 

thicker/thinner areas of the film provide contrast that make island and hole formations 

easily visible and measureable with OM, which makes OM ideal for quickly screening 

commensurate and incommensurate thicknesses locations in BP films.30 

BP films were supported on silicon substrates in this dissertation, so OM 

images were collected in reflectance mode with a Nikon Eclipse LV100, 5 MP CCD 

camera.  To study the substrate-polymer surface interactions, in situ OM experiments 

during thermal annealing were conducted to track island and hole growth.  An airtight 

Linkam thermal stage with a thin glass-viewing window was used to heat the BP films 

in an Argon atmosphere under the microscope.  The stage temperature was increased 

at a rate of 3 °C/min to match the vacuum oven, and the OM was programmed to 

capture images every 5 – 30 min until the surface feature sizes equilibrated.  Recorded 

images were converted to binary and analyzed using ImageJ software to extract island 

and hole sizes and growth rates with Analyze Particles software.  

2.8 Atomic Force Microscopy 

Atomic force microscopy (AFM), also known as scanning force or scanning 

probe microscopy, is a characterization tool commonly used to study surface 

properties of samples (e.g., surface features, friction, adhesive forces, conductivity, 

etc.) and was the primary method for imaging BP thin film nanostructures in this 
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dissertation.41  An atomic force microscope is comprised of four main components: the 

piezoelectric scanner, the cantilever with a sharp tip at the end, a photodiode detector, 

and a feedback system.  With AFM, the intermolecular force between a sharp tip and 

the sample surface is determined by measuring deflections of the top cantilever that 

are amplified by a laser beam.  The cantilever can be deflected by changes in height, 

softness, elasticity, and stickiness as it travels across a sample surface in the x-y plane.  

The deflections are recorded by the detector and can be viewed as real-space images.  

A diagram of an atomic force microscope is shown in Figure 2.5.42 

 

Figure 2.5: Graphic of the key components of an atomic force microscope.  Image 
from the Virtual Microscope Imaging Technology Group, University of 
Illinois at Urbana-Champaign.42 

The scanners can operate by either moving the tip over a stationary sample 

(e.g., Veeco Dimension), or by moving the sample under a stationary tip (e.g., Veeco 

Multimode).  If the tip is held stationary, less image noise from vibration effects and 

disruptions is recorded, but the sample stage is smaller and localized imaging (e.g., 

imaging at an interface between shear-aligned and non-shear-aligned sections of film) 
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is more difficult.  Conversely, a moving tip can accommodate larger samples and 

pinpoint imaging locations, which makes analyzing different film regions and gradient 

thickness films easier.  Because BP films typically have large phase contrast between 

the two blocks and reasonable size-scales, high-quality images can be recorded with 

either scanner. 

There are three scanning modes in which an AFM can operate: contact mode, 

non-contact mode, and tapping mode.  In contact mode, the tip is brought to the film 

interface and dragged across the surface; contact is maintained with the feedback 

system even when the height changes.  Contact mode AFM generates the highest 

resolution but is sensitive to frictional and adhesive forces that can distort images and 

damage the sample surface, especially in soft samples like BP films.  In non-contact 

mode, the tip responds to repulsive surface interactions without ever making contact.  

Operating in non-contact mode prevents film damage but provides low-resolution 

images.  Tapping mode combines the advantages between contact and non-contact 

modes by oscillating the tip to touch the sample surface intermittently.43, 44  Therefore, 

tapping mode operation provides high-resolution images without the tip being trapped 

in adhesive layers, without the tip or film being damaged and without the image being 

distorted.   

In tapping mode, the amplitude of the oscillations can change in response to 

surface features, so the feedback system adjusts to maintain the amplitude set point.  

The cantilever oscillations and feedback controls can be tracked to produce a “height” 

image that shows topographic features and surface roughness.  The cantilever also 

reacts to surfaces with different elastic moduli from phase lag in the oscillations that 

are detected by the photodiode detector.  The responses are used to create the “phase” 
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image in which contrast is maximized if one block is glassy and the other is rubbery at 

room temperature.  The ability to investigate nanostructure formations and surface 

features simultaneously with high-resolution and without long or expensive 

procedures (e.g., staining domains) makes AFM an advantageous technique to study 

BP thin film self-assembly.45 

In this dissertation, BP film surface morphologies were examined with a Veeco 

Dimension microscope operating in tapping mode.  Two different silicon probes (Tap 

150G, BudgetSensors and ACL-20, AppNano) were used to image the films.  The 

appropriate probe was chosen for each system on the basis of phase contrast.  ACL-20 

tips have a different force constant (20 – 95 N/m) than Tap 150G tips (4 N/m), which 

can produce more phase contrast in BP systems.  For example, polystyrene and 

poly(methyl methacrylate) have similar Tgs and limited phase contrast, so ACL-20 tips 

provided higher-quality images.  However, polystyrene (glassy) and polyisoprene 

(rubbery) have significant phase contrast, so less expensive Tap150G tips generated 

similar resolutions. 

2.9 X-Ray Scattering 

X-ray scattering is a reciprocal space characterization tool that is used to 

investigate in-plane (small-angle X-ray scattering [SAXS]) and out-of-plane (X-ray 

reflectivity [XRR]) morphology in BPs.46, 47  X-rays bombarding the sample interact 

with the electron clouds of the individual atoms and scatter according to the atomic 

composition; atoms with larger atomic number scatter more strongly than atoms with 

smaller atomic number.48-50  X-ray scattering experiments offer high flux, low 

divergence, and limited wavelength spread for high-resolution BP characterization 

even for laboratory-scale instruments.51 
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2.9.1 Small-Angle X-Ray Scattering 

SAXS is operated in transmission geometries to analyze nanostructure 

morphologies and is one of the primary characterization tools for bulk BP 

investigations.45  X-rays passing through a BP sample scatter at polymer-polymer 

interfaces according to electron density differences between BP domains.  The 

scattering patterns from SAXS are recorded on a 2-D detector and are representative 

of the particular morphology.  Typically, the domains in the bulk BP are oriented 

randomly relative to each other, and the scattering patterns consist of a series of 

isotropic rings spaced in relation to the nanostructure domain size and morphology.52  

Isotropic SAXS patterns can be azimuthally integrated to produce 1-D traces with 

peaks located at q values associated with the ring locations.  According to SAXS 

theory, q is the difference between the incident beam wavevector (k) and the scattered 

beam wavevector (ks) and can be calculated with Equation 2.7, in which λ is the 

wavelength of the X-rays and θ is the scattering angle. 

 q = q = 4π
λ
sinθ  (2.7) 

A visual depiction of the scattering geometry of SAXS is shown in Figure 2.6.  By 

combining Equation 2.7 with Bragg’s Law (Equation 2.8), the interplanar (domain) 

spacing (d) of the BP can be determined as shown in Equation 2.9. 

 nλ = 2d sinθ  (2.8) 

 q = 2πn
d

 (2.9) 

The scattering peak at an order of diffraction (n) of one is referred to as the primary 

peak (q*) and corresponds to scattering from the (100) plane. With the primary peak, 

the domain spacing in the BP can be calculated directly from Equation 2.10. 
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 d = 2π
q*

 (2.10) 

The primary peak location can be compared with other peak locations to generate peak 

ratios that correspond to particular morphologies as highlighted in Table 2.1. 

 

Figure 2.6: Scattering geometry for SAXS scattering experiments.  Incident X-rays 
with wavelength λ normal to the sample (k) are scattered by electron 
cloud interactions to new angles (ks).  The difference between ks and k is 
referred to as q, which is related to the size scale of the features in the 
sample. 

Table 2.1:  Common block polymer morphologies and corresponding SAXS peak 
locations 

Morphology Peak ratio (q/q*) 
Lamellae 1, 2, 3, 4, 5, 6, … 
Body-centered cubic spheres 1, √2, √3, √4, √5, √6, … 
Hexagonally-packed cylinders 1, √3, √4, √7, √9, √12, … 
Gyroid network √6, √8, √14, √16, √20, … 

 

In this dissertation, SAXS was used to characterize the bulk domain spacing 

and morphology of the BPs before film casting.  Then, the nanostructures were 

compared to thin film counterparts.  SAXS profiles were collected with a Rigaku 

SAXS instrument with a 2.2 kW sealed-tube X-ray source (Cu-Kα, λ = 1.54 Å) and a 
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2 m sample-to-detector distance.  BP samples were sealed within two Kapton layers in 

a stainless steel sample cell.  The temperature of the BPs was modulated with a 

Linkam HFS91 CAP stage, and profiles were collected while the samples were under 

vacuum. 

2.9.2 X-Ray Reflectivity 

In contrast to SAXS, XRR is conducted to investigate out-of-plane structural 

and compositional details.  XRR examines the thin film density, thickness, and 

interfacial roughness by measuring the intensity of X-rays reflecting off the sample at 

different angles.  At incident angles of the X-rays below the critical angle of the BP 

film, total reflection is exhibited.  As the incident angle increases, the X-ray beams 

penetrate the film, which causes the reflectivity to gradually decrease as a function of 

the roughness at the film surface.  Constructive and destructive interference from X-

rays reflecting off the film surface and the substrate surface create oscillating 

reflectivity profiles; the oscillating fringes are called Kiessig fringes.53, 54  If a 

repeating out-of-plane structure (e.g., parallel lamellae) is present in the film, internal 

film interfaces also scatter X-rays and Bragg peaks can form.  From the locations and 

intensities of Kiessig fringes and Bragg peaks, sample parameters such as film 

thickness, domain spacing, interfacial roughness, surface roughness, and film 

composition can be modeled.55, 56 

For this dissertation, XRR was used as a screening tool to check film quality 

before neutron scattering experiments.  XRR was conducted on a Rigaku Ultima IV 

instrument using a parallel beam of Cu-Kα radiation (λ = 1.54 Å).  Specular XRR 

profiles were collected over a range of incident angles (θ) and detection angles (2θ) of 

reflected X-rays (0° < 2θ < 4°).  For all samples, the beam was sized to capture the 
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critical edge to produce the best model fits.  Fits were provided for each XRR profiles 

using GlobalFit software.57 

2.10 Neutron Scattering 

Neutron scattering is a reciprocal space characterization tool to measure 

structural and compositional aspects of BPs.  Neutrons have no charge or electric 

dipole moment and interact with the nuclei of atoms rather than the electron cloud as 

in X-ray scattering.58  Therefore, neutrons have a greater penetration depth of the 

sample and less beam-induced damage relative to X-rays.51  Although neutron sources 

cannot generate the same flux as X-ray sources, neutrons can more easily distinguish 

small atoms due to the ability to add contrast variation in organic molecules.  Contrast 

variation is provided through isotopic replacement, the most common of which is 

replacing hydrogen with deuterium.59  This technique creates significant contrast in 

the BP not present in typical X-ray scattering experiments without staining with heavy 

atoms.  In this dissertation, contrast variation was combined with two forms of neutron 

scattering, small-angle neutron scattering (SANS) and neutron reflectometry (NR), to 

measure salt and solvent concentrations in BP films and to gain sufficient contrast for 

in situ experimentation during annealing in reasonable time-scales. 

2.10.1 Small-Angle Neutron Scattering 

SANS is conducted in transmission geometries, similar to SAXS, to investigate 

in-plane structural and compositional profiles of samples.60-64  However, neutron 

sources (i.e., spallation sources or nuclear reactors) do not produce the same low 

wavelength spread of neutrons as is achievable with X-rays sources.  Therefore, a 

series of filters, collimators, and velocity selectors focuses the wavelength spread in 
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the neutron beam directed at a sample.59  Sample and source apertures are used to 

control the beam width.  Larger wavelength spreads and apertures provide higher 

neutron fluxes but less resolution.  After neutrons scatter off the sample, the scattering 

angles are recorded by a He3 2-D detector.  The detector can be positioned at different 

distances from the sample to measure different scattering angles and, therefore, 

different q ranges (i.e., different size scales).  The scattering intensity at each angle is 

dependent on the size scale of the nanostructures and the scattering length densities (ρ) 

of the components in the sample, which can be calculated with Equation 2.11.65 

 ρ =
bci=1

n
∑
vm

 (2.11) 

In Equation 2.11, bc is the coherent nuclear scattering length of the ith of n atoms in a 

molecule and vm is the molecular volume of the sample. 

SANS scattering data were reduced to account for neutron detection from 

background sources, scattering from the empty sample cell, and non-uniformities in 

detector sensitivity.  Also, reduction equations correct for changes in neutron flux 

through measured transmission intensities (T) of the sample and empty cell.  The exact 

equation to correct the scattering intensity (Icorrected) is shown in Equation 2.12 and can 

be executed with reduction software available from the National Institute of Standards 

and Technology (NIST) Center for Neutron Research (NCNR) website.66   

 Icorrected = Isample − Ibackground( )−
Tsample
Temptycell

Iemptycell − Ibackground( )  (2.12) 

Corrected SANS patterns can be plotted as azimuthally averaged intensity profiles that 

describe the scattering intensity as a function of q.  Furthermore, SANS patterns can 

be plotted as annularly averaged intensity profiles that detail the scattering intensity as 
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a function of detector angle for a specific q value.  Annular patterns are useful for 

determining if SANS patterns are isotropic or anisotropic, as was done in Chapter 5 

for shear-aligned nanostructures. 

 In this dissertation work, all SANS data were collected on the 10 m SANS 

(NGB) instrument at the NCNR.  Neutrons with incident wavelengths of 5 Å and 10 

Å, a sample-to-detector distance of 5.2 m, and a 25 mm beamstop were used to probe 

appropriate q ranges related to the domain spacing of the BP samples (0.005 Å-1 ≤ q ≤ 

0.112 Å-1).  A 12.7 mm diameter sample aperture was chosen to balance neutron flux 

and scattering resolution at these instrument conditions.  SANS profiles were reduced 

and analyzed with IgorPro software (WaveMetrics) and NCNR SANS reduction 

macros.66 

2.10.2 Neutron Reflectometry 

NR is operated in the same reflection geometry as XRR, but larger scattering 

differences between organic elements in BP films, especially when selective 

deuteration is incorporated, generate improved compositional analyses.  During NR, 

incident neutrons strike the sample at an angle θ and are reflected at various angles.67  

In specular NR, only neutrons reflected at the same incident angle are recorded to 

study the out-of-plane characteristics of films.  In off-specular NR, all scattering 

angles are measured to investigate both the out-of-plane and in-plane structure in films 

simultaneously.  Only specular NR, depicted in Figure 2.7, was conducted for the 

work described in this dissertation due to the inability of off-specular NR to examine 

the appropriate nanoscale size range in reasonable times.61, 68-71 
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Figure 2.7: Schematic of specular NR geometry with incident and reflected neutron 
angles.  Neutrons striking the sample can either reflect off or transmit 
through each layer in the film.  The reflections from each layer 
constructively and destructively interfere to generate the recorded 
intensity profiles as a function of the scattering variable Qz.  Top image 
adapted with permission from Demkowicz, M.J. and Majewski, J. Metals 
2016, 6, 20, Copyright 2016 by the authors.68  Bottom image adapted 
with permission from Piscitelli, F. et al. Proc. R. Soc. A, 2016, 472, 
20150711, Copyright 2016 by the authors.69 

Neutrons either transmit through or reflect off different layers in the 

nanostructured films at incident angles above the critical angle for total reflection.  

The transmission to reflection ratio is dependent on the scattering length density of the 

specific components in each layer of the film.  The constructive and destructive 

interference of the reflected neutrons from the film-substrate and polymer-polymer 



 69 

interfaces creates a series of Kiessig fringes and Bragg peaks, respectively, which are 

recorded in an intensity plot as a function of the scattering variable Qz.55  The distance 

between consecutive Kiessig fringes and Bragg peaks can be used to calculate the film 

thickness and domain spacing in the film.  Also, the intensity profiles can be fit using 

reflectometry fitting software, such as reflpak and refl1D, to extract information about 

the film thickness, film composition, layer structure, and interfacial and surface 

roughness.72 

For this dissertation, NR experiments were conducted on the multi-angle 

grazing-incidence k-vector (MAGIK) instrument at the NCNR.  Neutrons with an 

incident wavelength of 5 Å were directed at 64 mm long, 25 mm wide wafers coated 

with BP films.  Borated aluminum shields were incorporated in sample assemblies to 

prevent reflections from sample holders and edges of the BP films.  NR profiles 

covering Qz ranges of a 0 Å-1 ≤ Qz ≤ 0.1315 Å-1 and a step size of 0.0004 Å-1 were 

reduced using reflred software and analyzed with reflfit and refl1D programs for 

modeling multilayer systems.72 

2.11 Mass Spectroscopy 

Mass spectroscopy is used to measure the mass-to-charge ratio (m/z) of ions 

passing through a detector to determine the chemical breakup of in mixtures.73  Mass 

spectrometers are comprised of three main features: an ion source, a mass analyzer, 

and an ion detector (Figure 2.8).74  The ion source vaporizes and ionizes the input 

stream, which can be liquid, gas, or powder.  The ions from the sample mixture are 

accelerated through the mass analyzer, where they encounter electric and/or magnetic 

fields that defect the ions on paths that are determined by the m/z of the particular ion.  

Then, when the ions strike the ion detector, the amount of each ion is recorded.  
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Cracking patterns can be used to identify all components and their relative amounts 

provided the experimenter has some knowledge of what components are expected in 

the input stream.  For this dissertation, gaseous mixtures were tested with a mass 

spectrometer (Hiden Analytical) to determine the partial pressure of solvent flowing 

from solvent bubblers to the sample chamber at different solvent-rich to diluent 

nitrogen ratios. 

 

Figure 2.8: Diagram of the key pieces of a mass spectrometer.  The sample is ionized 
and accelerated by an ion source into the mass analyzer that deflects the 
ions on the basis of their mass-to-charge (m/z) ratios.  Then, ions strike 
the ion detector at different locations determined by the deflection, and 
the relative abundance of each ion is measured.  Image from Thermo 
Fisher Scientific.74 
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DECOUPLING OF SUBSTRATE SURFACE INTERACTIONS IN BLOCK 
POLYMER THIN FILM SELF-ASSEMBLY 

In this chapter, the development of a series of predictive formalisms that define 

the interfacial and through-film substrate-polymer interactions in block polymer (BP) 

thin films is described.  A systematic study was conducted with a suite of different 

chlorosilane monolayers to determine the effects of different total, dispersive, and 

polar surface energy components on the self-assembly of poly(methyl methacrylate-b-

n-butyl acrylate) (PMMA-PnBA) thin films.  High-throughput analysis was achieved 

by using optical microscopy (OM) and gradient thickness films to investigate island 

and hole structures.  Atomic force microscopy (AFM) supported the study by adding 

real-space images of nanostructure changes.  A predictive approach for improving 

nanostructure ordering and orientation in BP thin films with appropriate chemical-

tailoring of substrate-polymer surface interactions is provided from the work in this 

chapter.  Text and figures are reproduced or adapted with permission from Shelton, C. 

K. and Epps, T. H., III Macromolecules 2015, 48, 4572-4580 and Shelton, C. K. and 

Epps, T. H., III Macromolecules 2016, 49, 574-580. 

3.1 Introduction 

The substrate-polymer interaction is one of the most significant factors 

affecting polymer wetting behavior,1, 2 nanostructure orientation,3-7 nanostructure 

uniformity through the film,8-10 and defect density according to literature.11, 12  

However, directing each of these effects typically is the result of trial and error with 

Chapter 3 
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limited initial knowledge.  As the number of potential BP systems continues to 

increase,13 experimental investigation of the full parameter-space in a given system is 

no longer feasible and must be replaced by predictive tools that incorporate the 

nuanced effects of surface interactions and film thickness on nanoscale morphology, 

ordering, and orientation.14 

The substrate-polymer interactions typically are quantified by the interfacial 

energy (Δγ), or difference between the substrate (γS) and individual polymer block (γA) 

surface energies as discussed in Chapter 1, Section 1.3.2.  Smaller magnitudes of Δγ 

indicate more favorable enthalpic interactions between a particular polymer block and 

the substrate.15-17  Although the total surface energy often is used for substrate-

polymer interaction analyses, Han et al. demonstrated its potential limitations when 

annealing poly(styrene-b-methyl methacrylate) (PS-PMMA) thin films on PS-PMMA 

random copolymer brushes modified with either a terminal hydroxyl, side-chain 

hydroxyl, or side-chain epoxy group.17  The total surface energies were similar on all 

three random copolymer brushes (for a given polystyrene composition in the brush), 

but the neutral wetting behavior occurred at different polystyrene compositions due to 

the differing polarity of functional groups.  To account for these additional 

interactions, decoupled interfacial energy equations have been applied in the 

literature,1, 2, 5 but there has been a dearth of studies that cover a suitable range of 

distinct total, dispersive, and polar surface energies to define the individual component 

contributions and develop equations that predict wetting behavior, nanostructure 

ordering, and nanostructure orientation through the film. 

As a visible complement to direct surface energy measurements, surface relief 

structures, more commonly referred to as ‘islands’ and ‘holes’, can provide detailed 
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information about substrate surface effects, both at the substrate-polymer interface and 

through the film thickness.1, 2, 18-21  Islands and holes are thicker and thinner regions on 

the film that form at the free surface to reduce thermodynamically unfavorable 

stretching and compression of polymer chains attempting to conform to an 

incommensurate film thickness.22  In a diblock copolymer, if the same polymer block 

wets the substrate and free surface (symmetric wetting), incommensurate film 

thicknesses occur at half-integer multiples (n+0.5, n = 1, 2, 3, … ) of the polymer 

domain spacing (L0).15, 23  If a different polymer block wets the substrate and free 

surface (asymmetric wetting), incommensurate film thicknesses occur at integer 

multiples (n) of L0.15, 23  Consequently, because the lower surface energy block is 

known to wet the free surface,24 the topography at integer and half-integer L0 

thicknesses only depends on which polymer block wets the substrate surface.1  Smith 

et al. demonstrated how gradient thickness films efficiently track island and hole 

formations on a single film rather than using individual films of discrete thickness.21  

According to Smith et al., island and hole formations appeared periodically at specific 

film thicknesses on gradient thickness films to relieve thermodynamic stress caused by 

stretched or compressed polymer chains oriented perpendicular to the substrate (more 

preferential polymer block driven to the substrate surface).  On neutral (non-

preferential) substrates, polymer chains are oriented parallel to the substrate thereby 

subduing chain stretching compression and the formation of islands and holes.19  With 

regards to through-film effects, Peters et al. used n-octadecyltrichlorosilane 

monolayers exposed to X-ray radiation at various dose rates to qualitatively determine 

that the size of island and hole formations on PS-PMMA films was related directly to 

the substrate interfacial interaction, as larger incompatibilities between substrate-
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polymer surface energies resulted in larger island and hole formations.20  To study the 

maximum propagation of substrate-polymer interaction effects, Xu et al. suggested 

that islands and holes do not form once the film thickness crosses into the 

substrate/free surface competition region,8 as the competition leads to a mixed 

nanostructure orientation that reduces chain stretching and compression, which makes 

island and hole formations unfavorable.  Thus, using OM combined with gradient 

thickness films provided a high-throughput and robust method to track the location of 

incommensurate thicknesses and identify wetting behavior, through-film driving 

forces for self-assembly, and the critical propagation distance of substrate surface 

effects.   

To achieve the most detailed analysis of substrate surface effects, the self-

assembly of PMMA-PnBA (hexagonally-perforated lamellae [HPL] morphology, L0 = 

41 nm) BP thin films on chlorosilane-modified substrates was explored.  A range of 

total (30.2 mJ/m2 to 77.4 mJ/m2), dispersive (28.3 mJ/m2 to 42.7 mJ/m2), and polar 

(1.9 mJ/m2 to 36.9 mJ/m2) substrate surface energies was studied to elucidate the key 

substrate-polymer interactions responsible for defining the nanostructure ordering and 

orientation through the film thickness.  Resulting substrate-polymer interaction effects 

were quantified visually by imaging island and hole formations on uniform and 

gradient thickness films.  Furthermore, changes in island and hole growth rates as a 

function of surface energy were studied by thermally annealing films during in situ 

OM.  Experimental results were paired with comparable predictive equations utilizing 

total and/or decoupled surface energy components to determine the impact of 

individual substrate-polymer interactions on substrate wetting behavior, through-film 
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self-assembly, and the maximum propagation depth of substrate-polymer interaction 

effects. 

3.2 Materials and Methods 

3.2.1 Substrate Surface Modification and Characterization 

Benzyldimethyl chlorosilane (benzyl silane), 2-acetoxyethyldimethyl 

chlorosilane (aceto silane), 3-methacryloxypropyldimethyl chlorosilane (methacryl 

silane), and n-butyldimethyl chlorosilane (n-butyl silane) (Gelest Inc.) were used as 

received.  Liquid and vapor deposition were conducted as described in Chapter 2, 

Section 2.1.2.  Substrates with benzyl and n-butyl silane monolayers were subjected to 

ultra-violet ozone (UVO) treatments to investigate additional substrate surface 

energies.  Exposure to UVO radiation for various times altered the measured water 

and diiodomethane contact angles in a predictable fashion.19, 25  Surface energy 

measurements were conducted as described in Chapter 2, Section 2.2. 

The Owens-Wendt method, an extension of the Good-Girifalco geometric 

mean approximation, was utilized to calculate surface energy dispersive (γSD) and 

polar (γSP) terms from contact angle measurements.26  The liquid surface energy values 

were γL,Water = 72.8 mJ/m2, γL,Water
D = 21.8 mJ/m2, γL,Water

P = 51 mJ/m2, 

γL,Diio = 50.8 mJ/m2, γL,Diio
D = 50.8 mJ/m2, γL,Diio

P = 0 mJ/m2.27  Reported contact angle 

measurements were averaged overall multiple spots (≈10) for each sample.  One 

standard deviation of the data from repeated measurements was taken as the 

experimental uncertainty for a given sample.  The experimental uncertainty was 

propagated through interfacial energy equations in the final analyses. 
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3.2.2 Polymer Film Preparation and Characterization 

A PMMA-PnBA (Mn = 69 kg/mol; Ð = 1.1; fPMMA = 0.33, fPnBA = 0.67; L0 = 41 

nm) was purchased from Polymer Source Inc. and used as received.  The polymer Mn, 

block volume fractions, L0, and bulk morphology were characterized by size exclusion 

chromatography (Viscotek, GPCmax VE-2001), nuclear magnetic resonance 

spectroscopy (Bruker, AVX400), AFM (Veeco Dimension 3100) and small-angle X-

ray scattering, respectively.  An HPL morphology was suggested for PMMA-PnBA 

thin films as AFM revealed perpendicular cylinders at the free surface where islands 

and holes were present, a phenomena caused by HPL structures.5, 28   

Polymer films were cast from 2.1 wt% PMMA-PnBA in tetrahydrofuran 

(Fisher Scientific, Optima) solutions using a flow coating apparatus to make gradient 

thickness films.29  Film thickness was measured using a spectral reflectometer 

(Filmetrics, F20-UV).  For surface feature size analysis, holes were analyzed at 

incommensurate thickness films (88-90 nm for symmetric wetting films and 60-64 nm 

and 106-108 nm for asymmetric wetting films).  At these thicknesses, micron-scale 

bicontinuous surface structures gave way to individual hole formations.  For surface 

feature location analysis, multiple shallow gradient films were made on each modified 

substrate (and bare silica) to reduce the gradient steepness on a single film and avoid 

thickness effects on structure formation, which appear in gradients above 

approximately ≈10 nm/mm according to literature.30, 31  In this study, the largest 

gradient used on any single film was approximately 1.6 nm/mm.  All films were 

subjected to dynamic vacuum (20 mTorr) at room temperature to remove residual 

solvent before annealing under vacuum at 175 °C for 24 h to promote island and hole 

formation.  After 24 h, films were removed from the vacuum oven and quenched on a 

metal plate to bring the films to room temperature and kinetically trap the 
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microstructures.  To ensure that the 24 h annealing time was not a limiting factor in 

polymer chain reorganization, PMMA−PnBA films on n-butyl silane substrates were 

annealed for up to 48 h and saw no change in island and hole formations from OM. 

This result suggested that the surface structure had sufficient time to equilibrate at 24 

h (see Appendix A, Figure A.1). 

BP thin films were imaged with OM to evaluate micrometer length scale 

formations (islands and holes).  Island and hole formations in optical micrographs 

were sized using ImageJ software.  The procedure to analyze images was standardized 

into four steps: enhance contrast, remove noise, convert image to black and white, and 

measure feature sizes.  Resolution dictated a minimum measurable feature size of 0.3 

µm2.  Additionally, circularity (related to the ratio of area to perimeter and equivalent 

to one for a perfect circle) was set to 0.75 or greater to remove formations that bridged 

during image analysis.  The average area, standard deviation, and number of 

formations were recorded for use in data analysis.  Error in OM critical film thickness 

measurements was recorded as ±0.25L0 for bare silica, aceto silane, benzyl silane and 

±0.50L0 for methacryl silane and n-butyl silane substrates to account for resolution 

bias and ensure the true onset of island and hole disappearance was captured.  In situ 

OM was conducted as described in Chapter 2, Section 2.7. 

Nanometer length scale features (free surface morphology) were analyzed with 

AFM.  FFTs performed on AFM images were generated and analyzed using ImageJ 

software.  Furthermore, AFM was utilized to confirm the PMMA-PnBA morphology 

was consistent on all substrate surfaces thereby ensuring differences in substrate 

propagation were not caused by morphological effects.32 
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3.3 Results and Discussion 

For this surface energy study, PMMA-PnBA was chosen as a model material 

because the individual polymer blocks had similar dispersive but different polar and 

total surface energies (PMMA: γtotal = 41.1 mJ/m2, γD = 29.6 mJ/m2, γP = 11.5 mJ/m2; 

PnBA: γtotal = 33.7 mJ/m2, γD = 30.4 mJ/m2, γP = 3.3 mJ/m2 at 20 °C).27  Furthermore, 

the change in dispersive component surface energy as a function of temperature 

(dγ/dT) was nearly identical between the two blocks (PMMA = -0.076 mJ/m2
⋅⋅K; 

PnBA = -0.070 mJ/m2⋅K) thereby maintaining the difference in surface energies 

between PMMA and PnBA at the annealing temperature (175 °C).27  By minimizing 

dispersive component differences between the two blocks and altering polar 

interactions through substrate modification, total and decoupled surface energy effects 

could be explored in a systematic manner.  The average total, dispersive, and polar 

surface energy components of the bare silica and chlorosilane-modified substrates 

used in this study are listed in Table 3.1 and match well with reported measurements 

found in literature (surface energy measurements were recorded for each substrate 

used in this analysis to account for variability in surface energy on a day-to-day 

basis).1, 2, 33, 34  Gradient thickness PMMA-PnBA films were coated onto modified 

substrates via flow coating to determine commensurate and incommensurate 

thicknesses.29 
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Table 3.1: Average water and diiodomethane contact angle measurements along 
with corresponding surface energies for bare silica and chlorosilane 
monolayer substrates 

 Contact anglea (°) Surface energy (mJ/m2) 
Substrate Water Diiodomethane Total Dispersive Polar 

Bare 
silica 6.4 ± 0.3 33.5 ± 1.0 77.4 ± 0.5 42.7 ± 0.4 34.7 ± 0.3 

Aceto 
silane 69.5 ± 2.0 49.0 ± 0.2 44.0 ± 0.8 34.8 ± 0.1 9.1 ± 0.8 

Benzyl 
silane 81.6 ± 0.6 43.1 ± 0.4 41.3 ± 0.3 38.0 ± 0.2 3.3 ± 0.2 

Methacryl 
silane 80.7 ± 0.7 49.9 ± 0.4 38.7 ± 0.3 34.3 ± 0.2 4.4 ± 0.3 

n-Butyl 
silane 91.6 ± 1.2 60.2 ± 0.8 30.6 ± 0.6 28.4 ± 0.5 2.2 ± 0.3 

a The uncertainty in the contact angle represents one standard deviation of the data 
from repeated measurements and was propagated through calculations to determine 
surface energy uncertainty. 

3.3.1 Substrate Wetting Behavior 

To investigate the effect of substrate-polymer interaction on wetting behavior, 

film thicknesses were kept below 110 nm (2.7 L0) to allow the substrate surface effect 

to propagate to the free surface.9  Wetting behavior was determined by locating island 

and hole formations at known film thicknesses using OM.  For all substrates, PnBA 

was expected to wet the free (air) surface, as it had a lower total surface energy (33.7 

mJ/m2) than PMMA (41.1 mJ/m2).24  Thus, symmetric or asymmetric wetting occurred 

when PnBA or PMMA wet the substrate surface, respectively. 

As shown in Figure 3.1, films coated on bare silica, aceto silane, and benzyl 

silane substrates were featureless at a half-integer L0 thickness and indicated evidence 

of islands and holes at an integer L0 thickness.  Films coated on methacryl silane 
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substrates developed islands and holes at a half-integer L0 thickness and were 

featureless at an integer L0 thickness.  Distinct island and hole formations were not 

present on 100 nm or thicker films on n-butyl silane substrates most likely due to the 

substrate/free surface competition,8 but thinner films (62 nm) on n-butyl silane 

substrates exhibited clear island and hole formations at incommensurate thicknesses.  

Therefore, experimental results indicated bare silica, aceto silane, and benzyl silane 

substrates were preferential for PMMA, but methacryl silane and n-butyl silane 

substrates were preferential for PnBA. 
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Figure 3.1: OM images of commensurate (tC) and incommensurate film thickness 
regions for bare silica and chlorosilane monolayers as indicated by 
presence (or lack) of islands and holes.  Bare silica, aceto silane, and 
benzyl silane substrates constrained PMMA-PnBA to asymmetric 
wetting as commensurate thicknesses were noted at a half-integer L0 
thickness.  Films cast on methacryl and n-butyl silane substrates 
exhibited symmetric wetting as island and hole formations were present 
at half-integer L0 thicknesses.  The location of island and hole formations 
indicated bare silica, aceto silane, and benzyl silane substrates were 
preferential for PMMA, and methacryl silane and n-butyl silane 
substrates were preferential for PnBA.  The scale bar represents 10 µm 
and applies to all micrographs.  Reprinted with permission from Shelton 
C. K. and Epps, T. H., III Macromolecules 2015, 48, 4572-4580, 
Copyright 2015 American Chemical Society.35 

Initially, the experimental wetting behavior was compared to predictions from 

the standard total (Equation 3.1) and decoupled (Equation 3.2) surface energy 
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equations that calculate the interfacial interaction between the substrate (S) and one 

polymer block (A) in the BP.   

 ΔγATotal = |γS – γA| (3.1) 

 ΔγDecoupled = γA + γS – 2(γDAγDS)1/2 – 2(γPAγPS)1/2 (3.2) 

This comparison is shown in Figure 3.2.  The decoupled surface energy equation 

matched the experimental results for all substrates except benzyl silane, for which the 

prediction was symmetric wetting, as opposed to the experimental result of 

asymmetric wetting.  The total surface energy equation matched the experimental 

results for all substrates except methacryl silane, for which the prediction was 

asymmetric wetting, as opposed to the experimental result of symmetric wetting.  

Shaded quadrants on the plot indicate the discrepancies between predicted (top axis) 

and experimental (right axis) behavior. 
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Figure 3.2: Comparison between predicted (dotted line intersecting x-axis) and 
experimentally determined (dotted line intersecting y-axis) wetting 
behavior of PMMA-PnBA on different substrate surfaces using 
decoupled (black circles) and total (white squares) surface energy 
approaches.  Shaded quadrants represent incongruities between predicted 
and experimental results.  Negative interfacial energy differences predict 
that the PnBA block has a lower interfacial energy with the substrate and 
will wet the substrate surface, while positive interfacial energy 
differences predict that the PMMA block has a lower interfacial energy 
and will wet the substrate surface.  The PnBA block was expected to wet 
the free surface in all cases due to its lower total surface energy.  
Reprinted with permission from Shelton C. K. and Epps, T. H., III 
Macromolecules 2015, 48, 4572-4580, Copyright 2015 American 
Chemical Society.35 

To eliminate inconsistencies between the experimental and predicted results, 

the Hamaker constant was introduced to define the long-range attractive or repulsive 

interactions.  The Hamaker constant describes the attractive or repulsive nature of van 

der Waals interactions between two or more surfaces and is directly proportional to the 

total surface energy.36  Positive Hamaker constants indicate a long-range, attractive 
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force between the substrate and polymer, and negative Hamaker constants indicate a 

long-range, repulsive force between the substrate and polymer.37-39  For the three-layer 

system at the substrate-polymer interface (substrate, PMMA block, PnBA block) the 

Hamaker constant becomes negative if the middle layer’s surface energy is the 

maximum (i.e., ΔγPMMA < ΔγPnBA and γPMMA > γS).36, 40-43  The remaining polymer 

domains are constrained to the layering behavior driven by the preferential substrate-

polymer wetting.  Including the Hamaker constant in total surface energy analyses led 

to three cases that completely explained experimental substrate wetting behavior.   

The description of each case and comparison with experimental results are 

shown in Figure 3.3.  Case 1 describes when the substrate interfacial energy of PMMA 

is less than that of PnBA, and the Hamaker constant is positive.  Therefore, the 

PMMA block segregates to the substrate surface, resulting in asymmetric wetting.  In 

Case 2, the PMMA has a lower substrate interfacial energy than PnBA, but the 

Hamaker constant is negative for the system.  Therefore, PnBA segregates to the 

substrate interface to reduce overall repulsive interactions in the system.  This effect 

results in symmetric wetting.  In Case 3, PnBA has a lower substrate interfacial 

energy, and the Hamaker constant is positive, leading to symmetric wetting.  From 

surface energy values calculated for each modified substrate, Case 1 applied to bare 

silica, aceto silane, and benzyl silane substrates, Case 2 applied to methacryl silane 

substrates, and Case 3 applied to n-butyl silane substrates.  By including Hamaker 

constant stabilities, each case accurately predicted the experimental wetting behavior 

on all surfaces. This result suggests that the inclusion of both short and long-range 

repulsive interactions is necessary to describe the complete surface energy/wetting 

behavior. 
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Figure 3.3: Scheme depicting wetting behavior in BP thin films using three cases.  In 
Case 1, PMMA has a lower interfacial energy than PnBA, and a net long-
range attractive force is present, resulting in asymmetric wetting.  In Case 
2, long-range, repulsive interactions exist at the substrate-PMMA 
interface as the higher surface energy PMMA layer separates the lower 
surface energy substrate and PnBA layers.  Therefore, PnBA segregates 
to the substrate, stabilizing the substrate-polymer interactions and 
resulting in symmetric wetting.  In Case 3, PnBA has a lower interfacial 
energy, there is a net attractive interaction in the system, and symmetric 
wetting is predicted.  Aligning each case to the appropriate system, as 
shown in the plot, accurately matched predicted and experimental results.  
Reprinted with permission from Shelton C. K. and Epps, T. H., III 
Macromolecules 2015, 48, 4572-4580, Copyright 2015 American 
Chemical Society.35 

3.3.2 Through-Film Propagation of Substrate Surface Effects 

At film thicknesses greater than the contacting substrate-polymer layer, the 

short-range and long-range forces define substrate-polymer interactions with larger 
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incompatibilities creating stronger driving forces for nanostructure ordering and defect 

annihilation.20, 44  To examine the impact of decoupled dispersive and polar 

components on the through-film driving forces, films were cast at incommensurate 

and hole-forming thicknesses (≈88-90 nm for asymmetric wetting and ≈64 nm or ≈108 

nm for symmetric wetting).  Film thicknesses that formed holes were selected because 

holes have larger equilibrium sizes than islands thereby making them easier to 

measure accurately.19 

The effect of individual dispersive and polar components was resolved from 

experimental results using two models: the Owens and Wendt model (Equation 3.2) 

and Equation 3.3 below.45  

 ΔγA = γA + γS – 2(γAγS)1/2 (3.3) 

Both models include the total surface energy to account for repulsive 

interactions at the interface, and both models incorporate long-range, attractive 

interactions using a geometric mean approach.  However, only the Owens and Wendt 

model (Equation 3.2) separates the attractive interaction into dispersive and polar 

components.  Measured hole sizes were matched with the corresponding interfacial 

energy differences calculated from each model (Figure 3.4).  A linear trend line was fit 

to the data because literature suggests island and hole size should be directly 

proportional to surface energy.46  The total surface energy model (Figure 3.4a) failed 

to describe the data on all substrates, especially for those substrates for which the 

polymer/substrate interfacial energy differences was relatively small.  However, the 

decoupled surface energy model (Figure 3.4b) described the data accurately on all 

substrate surfaces.  Differences in the model fits to the data highlight the importance 
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of incorporating decoupled surface energy components when predicting substrate-

polymer interactions. 

 

Figure 3.4: Hole sizes on aceto silane, benzyl silane, methacryl silane, and n-butyl 
silane surfaces (black circles), UVO treated benzyl silane and n-butyl 
silane surfaces (gray circles), and bare silica (white circles) substrates.  
Two equations were used to compare with hole size: (a) Equation 3.3, in 
which the attractive forces were described using the total surface energy, 
and (b) Equation 3.2, in which the attractive forces were decoupled.  The 
dotted red line represents a linear fit to the data.  Though the two fits 
have similar R2 values (0.92 for the total surface energy equation and 
0.96 for the decoupled surface energy equation), the total surface energy 
equation did not capture the expected trend in hole size, with the major 
deviation noted at lower interfacial energy differences.  The decoupled 
surface energy equation (R2 = 0.96) captured the experimental trend more 
accurately over the entire data range.  Reprinted with permission from 
Shelton C. K. and Epps, T. H., III Macromolecules 2015, 48, 4572-4580, 
Copyright 2015 American Chemical Society.35 

The major deviation between total and decoupled surface energy equation fits 

was noted on aceto silane, benzyl silane, methacryl silane, and n-butyl silane 

substrates for which total vs. decoupled surface energy equations separately predicted 
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dissimilar substrate-polymer block preferences.  For example, benzyl silane substrates 

had a total surface energy close to PMMA but a polar surface energy close to PnBA.  

Each equation predicted different hole sizes for films on benzyl silane substrates, but 

only the decoupled equation’s predictions aligned with experimental results.  Thus, 

this decoupling of the surface energy into dispersive and polar components was 

necessary to describe through-film self-assembly mechanisms as the long-range, 

attractive forces were not considered properly when lumped into a total surface energy 

alone. 

3.3.3 In Situ Study of Hole Formations 

BP thin film self-assembly was examined by in situ OM during thermal 

annealing to ensure previously mentioned substrate effects were thermodynamic 

surface energy phenomena and not kinetic limitations.  Literature on BP thin film 

kinetics indicates that islands and holes nucleate and grow to an equilibrium size, after 

which individual islands and holes can coalesce.22, 46-48  Therefore, using a 24 h oven 

anneal for experiments had the following constraints: 1) that the time frame was 

sufficient for the surface structures to reach a relatively stable size, 2) that the time 

frame was not long enough to lead to excessive coalescence that would obscure island 

and hole size measurements, and 3) that the wetting behavior did not change over the 

time frame due to film expansion, high-temperature, or kinetic effects. 

In situ OM during thermal annealing of films coated on bare silica and benzyl 

silane substrates was accomplished using a sealed Linkam heating stage (Figure 3.5a).  

Bare silica and benzyl silane substrates were used because films on these substrates 

produced large hole features for accurate tracking.  Images and sizing from in situ 
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measurements followed the expected nucleation and growth behavior and are shown in 

Figure 3.5b. 

 

Figure 3.5: (a) Schematic of in situ anneal setup with a sealed Linkam thermal stage 
under an optical microscope.  The Linkam thermal stage heated the film 
to 175 °C using a 3 °C/min heat ramp for consistency with vacuum oven 
annealed samples. (b) Size measurements from holes produced on bare 
silica and benzyl silane substrates over 24 h indicated expected 
nucleation and growth kinetics, followed by island and hole stabilization 
at equilibrium sizes, that match those from oven annealed samples.  The 
scale bar represents 20 µm and can be applied to all micrographs.  
Reprinted with permission from Shelton C. K. and Epps, T. H., III 
Macromolecules 2015, 48, 4572-4580, Copyright 2015 American 
Chemical Society.35 

Key results from the in situ studies supported findings from static experiments 

by ensuring the use of a 24 h anneal highlighted the thermodynamic effects in feature 

formation.  First, within the 24 h time frame, holes grew to an equilibrium size that 
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matched well with oven-annealed samples (Figure 3.4).  Films cast on bare silica and 

annealed in the vacuum oven and the Linkam stage for 24 h formed holes with average 

sizes of 8.4 ± 0.9 µm2 and 8.1 ± 0.9 µm2, respectively.  Similarly, films cast on benzyl 

silane and annealed in the vacuum oven and the Linkam stage for 24 h formed holes 

with average sizes of 1.5 ± 0.1 µm2 and 1.4 ± 0.8 µm2, respectively.  Second, 

coalescence was not excessive after an equilibrium size was reached.  Third, no 

temporal changes in wetting behavior (i.e., from asymmetric to symmetric) were 

captured during the testing of any individual substrates. 

3.3.4 Substrate/Free Surface Competition 

Substrate interaction effects propagate as a field through the film thickness to a 

critical film depth, at which substrate and free surface interaction effects compete and 

alter nanostructure orientation.3, 9, 24, 49  Studies probing the propagation depth of 

substrate surface field effects are found in the literature but indicate differing 

propagation depth relationships.3, 8, 50, 51  Several works suggest a limitless propagation 

depth of substrate surface field effects; 8, 50 however, other studies describe a 

maximum propagation depth.3, 51  Because many applications require uniform 

nanostructure orientation through the entire film thickness, universal understanding of 

how key factors affect the propagation of substrate surface field effects is vital to tune 

substrate-polymer interactions and enhance film uniformity in an ever-expanding list 

of BP systems.13 

3.3.4.1 Identifying Critical Film Thicknesses with Optical Microscopy 

The maximum propagation distance of substrate-polymer interaction effects 

have been characterized using AFM,3, 9, 52 cross-sectional transmission electron 
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microscopy,3, 8 rotational small-angle neutron scattering,51 neutron reflectivity,8, 53 and 

grazing-incidence small-angle X-ray scattering4, 32, 50 in the literature.  However, as an 

alternative to these time-intensive methods, tracking island and hole formations 

(topographic regions on the film’s free surface caused by unfavorable stretching or 

compression of polymer chains at incommensurate thicknesses) on gradient thickness 

BP films with OM can be paired with interfacial energy measurements to pinpoint 

critical propagation distances.21, 22 

OM images of island and hole formations on gradient thickness PMMA-PnBA 

films with bare silica and chlorosilane-modified (aceto, benzyl, methacryl, and n-butyl 

silane) substrates are shown in Figure 3.6.  For each substrate, the last image (red box) 

marks the incommensurate thickness at which island and hole formations were 

expected but not present.  The results revealed that PMMA-PnBA films cast on bare 

silica substrates had the largest propagation of substrate effects, followed by aceto 

silane, benzyl silane, methacryl silane, and n-butyl silane modified substrates, an order 

that differs from the total surface energy predictions found in the literature.8  Images 

detailing island and hole disappearance for a gradient thickness PMMA-PnBA film on 

an n-butyl silane substrate are shown in Appendix A, Figure A.2. 
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Figure 3.6:  Stitched OM images of gradient thickness PMMA-PnBA films on bare 
silica and chlorosilane-modified substrates.  Films were imaged up to 
thicknesses at which islands and holes disappeared at integer domain 
spacing (nL0) thicknesses for asymmetric wetting substrates (bare silica, 
aceto silane, benzyl silane) and at half-integer domain spacing 
([n+0.5]L0) thicknesses for symmetric wetting substrates (methacryl 
silane, n-butyl silane).  The red boxes indicate the critical film thickness 
at which island and hole formations were expected but not present at the 
free surface.  The scale bar applies to all micrographs.  Reprinted with 
permission from Shelton, C. K. and Epps, T. H., III Macromolecules 
2016, 49, 574-580.54 

3.3.4.2 Verifying Transition Regions with Atomic Force Microscopy 

To support high-throughput OM, AFM was used to verify a change in free 

surface nanostructure orientation at the onset of substrate/free surface competition 

regime.  As shown in Figure 3.7, as the PMMA-PnBA film thickness increased on 

bare silica substrates, the orientation of cylinders at the free surface began to 

deteriorate.  AFM images of gradient thickness PMMA-PnBA films on the 

chlorosilane-modified substrates are shown in Appendix A, Figure A.3.  For a BP thin 
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film with an HPL morphology, this “folding” of cylinders at the free surface was 

consistent with nanostructure orientation changes found in literature.3, 53  Once the free 

surface interaction became comparable to the substrate surface interaction, the PnBA 

block content increased at the free surface.  Consequently, in this region, adjacent 

PnBA cylinders “folded” and oriented parallel to the free surface to increase the PnBA 

coverage area.55  This orientation change reduced chain stretching and compression 

caused by the substrate surface thereby mitigating the driving force for island and hole 

formation. 
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Figure 3.7: Free surface AFM images of PMMA-PnBA gradient thickness films on 
bare silica substrates.  After the film thickness surpassed the critical 
propagation distance of substrate surface effects (287 nm), there was a 
distinct change in the surface nanostructure behavior caused by the 
substrate/free surface competition.  At substrate dominant thicknesses 
(top row), perpendicular PnBA cylinders (brown) perforate through 
PMMA domains (yellow).  At substrate/free surface competition 
thicknesses (bottom row), the lower surface energy PnBA is driven to the 
free surface, causing the cylinders to “fold” and appear as short parallel 
cylinders.  All images were taken from the bulk film, outside of island 
and hole formations.  The free surface structure did not change on island 
and hole formations except at the bulk film interface where large 
thickness differences produced artificial stretched domains.  The scale 
bar represents 200 nm and applies to all AFM images.  Reprinted with 
permission from Shelton, C. K. and Epps, T. H., III Macromolecules 
2016, 49, 574-580.54 

Radial intensity profiles of fast Fourier transformations (FFTs) on PMMA-

PnBA film AFM phase images quantified the “folding” of PnBA domains at different 

film thicknesses as found in the Appendix A, Figure A.4.  Figure 3.8 shows the 

change in full-width half-max (FWHM) of the primary peak from the azimuthally 

averaged FFT intensity spectrum measured from free surface AFM images of gradient 
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thickness films on each substrate surface.  At film thicknesses below the critical 

thickness, substrate-polymer interactions oriented nanostructures uniformly resulting 

in a narrow intensity peak and a low FWHM.  Once substrate/free surface competition 

thicknesses were reached, “folding” of PnBA domains possibly caused the intensity 

peak to broaden resulting in a larger FWHM.  The critical thicknesses at which 

significant orientation change was noted by AFM (shaded region; FWHM ≈ 0.06-0.08 

determined by the onset of a consistent increase in FWHM from bare silica samples) 

matched well with those determined from OM (colored arrows), suggesting the 

disappearance in island and hole formations (Figure 3.6) was influenced by 

nanostructure changes at the free surface (Figure 3.7). 
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Figure 3.8: FWHM values of the primary peak from the azimuthally averaged FFT 
intensity spectrum from AFM images capturing the free surface 
nanostructure orientation of gradient thickness PMMA-PnBA films on 
bare silica, aceto silane, benzyl silane, methacryl silane, and n-butyl 
silane substrates.  The shaded region indicates the FWHM value (≈0.06-
0.08), at which a significant orientation change occurred.  The colored 
arrows represent the estimated critical film thickness (from OM) at which 
films cast on each substrate crossed this FWHM threshold.  The critical 
film thicknesses determined using AFM matched well with those 
measured from OM.  The decrease in FWHM in aceto silane and bare 
silica samples is attributed to a possible transition to a free surface 
dominated nanostructure with a more uniform orientation at larger film 
thicknesses.  The lines connecting data points are to guide the eye and do 
not represent a mathematical fit to the data.  Reprinted with permission 
from Shelton, C. K. and Epps, T. H., III Macromolecules 2016, 49, 574-
580.54 

3.4 Prediction of Substrate Surface Energy Effects 

3.4.1 Wetting Behavior and Through-Film Driving Force 

Combining the wetting behavior and through-film predictive equations 

provides the full picture of substrate surface self-assembly effects, as shown in Figure 

3.9.  The total surface energy (Equation 3.1) and Hamaker constant define the three 

possible wetting behavior regimes: PMMA preferential, PnBA preferential, and 
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neutral (non-preferential) substrates.  The neutral, or non-preferential region, 

represents substrate surface energies at which the total surface energy and Hamaker 

constant effects result in a different block being preferential.  In some instances, 

neither set of interactions dominate and a true neutral surface is achieved; both 

polymer blocks segregate to the substrate and islands and holes do not form.  In other 

instances (e.g., PMMA-PnBA on methacryl silane), one set of interactions dominates 

and drives a particular wetting behavior.  As is shown in this chapter, the latter case is 

more common when the total surface energies of the two polymer blocks are 

significantly different.  The gradient across the plot represents changes in the substrate 

self-assembly driving force predicted using Equation 3.2 to describe through-film 

effects. 
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Figure 3.9: Composite prediction of surface wetting and through-film behavior to 
pinpoint necessary substrate surface energy conditions to achieve 
prescribed substrate wetting behavior.  The dotted lines separate the plot 
into three possible substrate wetting behaviors (PMMA preferential, 
PnBA preferential, and neutral) using the total surface energy and 
Hamaker constant analysis.  The neutral region indicates a non-
preferential substrate region as the total surface energy and Hamaker 
constant calculations result in a different block being preferential, 
although the strength of either of these parameters can dominate and 
force a preferential substrate (e.g., methacryl silane).  The gradient across 
the plot represents the change in the substrate self-assembly driving force 
calculated using the decoupled surface energy.  Reprinted with 
permission from Shelton C. K. and Epps, T. H., III Macromolecules 
2015, 48, 4572-4580, Copyright 2015 American Chemical Society.35 
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3.4.2 Maximum Propagation of Substrate Surface Energy Effects 

The propagation of substrate-polymer interfacial interaction effects 

investigation from gradient thickness films, OM, and AFM generated a self-assembly 

map compiled in Figure 3.10.  This analysis determined long-range (LR) decoupled 

surface energy components were responsible for the critical propagation depth of 

substrate surface effects as described by Equation 3.4, a modification of the Owens 

and Wendt interfacial energy equation (Equation 3.2).26 

 ΔγLR = 2(γDAγDS)1/2 + 2(γPAγPS)1/2  (3.4) 
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Figure 3.10:  Propagation distances of substrate surface effects for PMMA-PnBA BP 
films on modified substrates.  OM was used to identify the critical film 
thicknesses (gray circles) at which island and hole formations 
disappeared marking the transition between the substrate surface 
dominant (below dashed red line) and substrate/free surface competition 
(above dashed red line) film thicknesses.  AFM was employed to 
characterize free surface nanostructure orientation on films of increasing 
film thickness as either substrate dominant effects (uniform nanostructure 
orientation; white circles) or substrate/free surface competition effects 
(mixed nanostructure orientation; black circles).  The dashed red line is to 
guide the eye and does not represent a mathematical fit to the data.  
Reprinted with permission from Shelton, C. K. and Epps, T. H., III 
Macromolecules 2016, 49, 574-580.54 

From the overall analysis presented in Figure 3.10, two key trends were noted.  

First, the propagation depth of substrate surface effects increased sharply, and almost 

linearly, at lower substrate interfacial energy difference values as expected.8  Second, 

the propagation depth began to plateau at larger interfacial energy differences 

following the initial sharp increase.  This plateau mimicked the trend noted from 

substrate propagation studies focused on changes in annealing temperature and links 

results from temperature effects with those of surface energy effects, identifying a 
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maximum propagation limit only at larger interfacial energy differences that were not 

probed in earlier surface energy work.8, 51 

To examine the accuracy of the predictive interfacial energy equation, the 

critical propagation of substrate effects was mapped using Equations 3.1, 3.2, and 3.4 

to compare the influence of total (short-range interactions; Equation 3.1), long-range 

(long-range interactions; Equation 3.4), and decoupled (short and long-range 

interactions; Equation 3.2) interfacial energy equations, as shown in Figure 3.11.  In 

Figure 3.11, fitting the total (Equation 3.1) and decoupled (Equation 3.2) interfacial 

energy relationships to the OM data indicated no distinctive trend in the critical film 

thickness as a function of interfacial energy difference; however, the long-range 

(Equation 3.4) fit the data to the trend gleaned from OM and AFM results shown in 

Figure 3.10 (initial linear increase in critical film thickness followed by a possible 

plateau at higher interfacial energy differences).  Therefore, the results suggest that the 

long-range dispersive and polar forces are the dominant substrate-polymer interactions 

that dictate the critical propagation depth of substrate surface effects.  This result is 

supported by literature suggesting that the maximum propagation of substrate effects 

is closely related to long-range forces.44 
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Figure 3.11: Comparison of total (Equation 3.1; black circles), long-range (Equation 
3.4; white squares), and decoupled (Equation 3.2; gray triangles) 
interfacial energies used to track the propagation of the substrate surface 
effect.  The lines between data points are to guide the eye.  Although the 
results from total and decoupled interfacial energy formalisms described 
no clear trend, those from the long-range interfacial energy equation 
depicted an increase in propagation distance with increasing substrate 
interfacial energy difference at lower differences.  Additionally, the long-
range equation indicated a possible plateau in the critical film thickness 
at larger interfacial energy differences, a result that mirrored AFM data in 
Figure 3.10; the long-range data points in Figure 3.11 are the transition 
(grey) points from Figure 3.10.  Reprinted with permission from Shelton, 
C. K. and Epps, T. H., III Macromolecules 2016, 49, 574-580.54 

In Figure 3.12, literature measurements of the critical propagation depth of 

substrate surface effects in lamellar-forming PS-PMMA thin films were probed with 

the proposed formalism using a first-order approximation of decoupled surface energy 

values of provided data for substrates modified with PS-PMMA random copolymer 

brushes.22,36,49  The substrate interfacial energy difference has been normalized by the 
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difference in total surface energy between the two blocks (|γA - γB|) to aid comparison 

between the data sets.  Figure 3.12 indicates a similar initial linear increase in 

substrate surface effects propagation distance as a function of interfacial energy, 

which is followed by a region that becomes less interfacial energy-dependent at larger 

energy differences. The non-normalized data are shown in Appendix A, Figure A.5. 

  

Figure 3.12:  Comparison of critical propagation depths of the substrate surface field 
for PMMA-PnBA and PS-PMMA BP systems.  These depths are 
normalized by system-dependent L0’s and plotted versus normalized 
long-range interfacial energy differences.  The substrate interfacial 
energy difference was normalized relative to the total surface energy 
difference between the blocks.  PS-PMMA data was taken from the 
literature.8  The lines between data points are to guide the eye.  Reprinted 
with permission from Shelton, C. K. and Epps, T. H., III Macromolecules 
2016, 49, 574-580.54 

3.5 Conclusions 

This chapter developed a predictive understanding of the key substrate-

polymer interactions that influence nanostructure ordering and orientation in BP thin 

film systems.  A high-throughput approach exploiting the formation of island and hole 
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structures was used to investigate a large range of total, dispersive, and polar surface 

energy components.  The results indicate that the repulsive nature of the total surface 

energy dominated wetting behavior thermodynamics at the substrate-polymer 

interface, while attractive contributions from individual dispersive and polar 

components significantly impacted through-film interactions and the maximum 

propagation distance of the interaction effects.  The work detailed in this chapter 

provides an improved interpretation of the dominant substrate-polymer interactions 

affecting BP thin film self-assembly and facilitates an alternative method to screen 

chemically-modified substrates for desired orientation and ordering control using 

predictive equations with the appropriately decoupled surface energy components. 
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IN SITU NEUTRON SCATTERING DURING SOLVENT VAPOR 
ANNEALING OF CYLINDRICAL BLOCK POLYMER THIN FILMS 

The use of in situ small-angle neutron scattering (SANS) and neutron 

reflectometry (NR) to elucidate the importance of polymer-solvent interactions on 

morphology development during solvent vapor annealing (SVA) of block polymer 

(BP) thin films is detailed in this chapter.  Judicious choice of nanostructure 

orientation (parallel to the substrate) permitted measurement of the preferential 

segregation of deuterated solvent (d-benzene, d-acetone, d-hexane) into cylinder-

forming poly(styrene-b-isoprene-b-styrene) (SIS) films.  A defining feature of the 

work in this chapter is the simultaneous tracking of nanostructure evolution and 

solvent segregation, enabled through the combination of SANS (in-plane features), 

NR (out-of-plane features), and solvent deuteration, which directly related polymer-

solvent interactions to morphology reorganization.  By linking polymer-solvent 

interactions to morphology evolution, an improved understanding of the interplay 

between the kinetic and thermodynamic effects that can direct the self-assembly and 

through-film periodicity of nanostructured thin films is developed in this chapter.  

Text and figures are reproduced or adapted with permission from Shelton, C. K., 

Jones, R. L., Dura, J. A., and Epps, T. H., III Macromolecules 2016, 49, 7525-7534. 

4.1 Introduction 

Traditionally, SVA has been used as an alternative to thermal annealing for BP 

systems that are susceptible to thermal transitions and degradation or require infeasible 

Chapter 4 
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thermal annealing time scales.1  However, SVA has several additional benefits that are 

discussed in Chapter 1, Section 1.4.2.  A key underlying factor responsible for these 

effects is the solvent preference toward each polymer block.  Therefore, a 

comprehensive study that elucidates how selective solvent segregation into individual 

polymer domains affects thin film self-assembly parameters is essential.  This need for 

additional information is highlighted in a recent perspective that discusses the utility 

of more refined in situ annealing experiments for “detailed investigation of the BP 

films in both swollen and dried state” to develop a holistic understanding of polymer-

solvent interactions and the resulting nanostructure “changes that occur in the 

equilibrium solvent swollen state and the changes during solvent removal and 

deswelling.”1 

A prevalent technique for in situ thin film/SVA studies is grazing-incidence 

small-angle X-ray scattering (GISAXS) to generate both lateral and through-film 

structural information in a single experiment.1  Using GISAXS during SVA, 

researchers have studied how BP thin films restructure over time,2-9 change 

morphology as a function of solvent composition,4, 10-12 and increase/decrease in-plane 

(L0) and out-of-plane (Lz) domain spacing.9, 11, 13, 14  Notably, these studies all focused 

on the ultimate effects of SVA rather than the underlying causes, i.e. solvent 

segregation and interactions with the polymer blocks.  With GISAXS, scattering 

contrast is achieved from electron density differences between the two blocks.15  As a 

result, the scattering patterns detail how the polymer domains restructure during SVA 

rather than how the polymer-solvent interactions govern the restructuring.  

Additionally, recent studies have detailed evidence that X-ray beams can damage 

polymer films or influence structural evolution inadvertently, which can greatly affect 
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the resulting analysis.16-18  Thus, approaches that can directly and noninvasively probe 

changes in polymer-solvent interactions are necessary for a comprehensive 

understanding of SVA. 

As an alternative or complement to X-ray scattering, neutron scattering offers 

many benefits ideally suited for studying solvent segregation and polymer-solvent 

interactions in BP thin films.19  In neutron scattering, contrast is achieved through 

differences in scattering length density (ρ), a parameter that can be modified by 

selectively deuterating chemical components.20, 21  Thus, contrast between polymer 

and solvent can be adjusted to track solvent diffusion and segregation into individual 

polymer blocks throughout the film.  Although neutron scattering traditionally requires 

significantly longer data collection timescales than X-ray scattering,19, 22, 23 recent 

literature has demonstrated the utility of neutron scattering for the in situ analysis of 

interactions not easily measured with X-rays.24-29  For example, Kim et al. examined 

the effect of D2O concentration on the morphology of poly(sulfonated styrene-b-

methylbutylene) (PSS-PMB) BPs using in situ SANS.24  They tracked the D2O 

distribution in the individual domains and measured a high water content in the 

typically hydrophobic PSS block that possibly explained the improved proton transfer 

noted in PSS-PMB polymer electrolyte membranes.24  Other studies have used in situ 

NR to measure substrate-to-free surface D2O distributions in BP thin films, both 

throughout the film and within individual polymer domains, to relate those 

distributions to structural effects25, 27, 30 and to detect the emergence of lamellar phase 

segregation at interfaces between hydrophilic substrates and Nafion upon changing 

relative humidity.28, 29  However, in these systems hydrophobic/hydrophilic 

interactions were the dominant force directing domain restructuring; similar studies of 
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BPs focusing on domain restructuring as a function of Flory-Huggins polymer-solvent 

interactions (χpoly-sol) have not been reported in literature. 

In this chapter, in situ neutron scattering was used to quantify the segregation 

of d-benzene into the polystyrene (PS) and polyisoprene (PI) domains of cylinder-

forming SIS BP thin films as a function of atmospheric solvent concentration (solvent 

partial pressure).  SANS (in-plane features) and NR (out-of-plane features) paired with 

solvent deuteration, as well as natural ρ differences between PS and PI domains, 

provided both polymer-polymer and polymer-solvent contrast.  The enhanced 

polymer-solvent contrast permitted measurement of the solvent profiles through the 

film thickness, and these profiles could be related to measured changes in film 

thickness, lateral L0, vertical Lz, and number of stacked domains.  Furthermore, d-

acetone and d-hexane were tested to determine how highly selective solvents affect the 

same set of parameters.  To improve contrast between PS and PI when swollen with d-

hexane, which reduces contrast between the domains, a poly(deuterated styrene-b-

isoprene-b-deuterated styrene) (dSIdS) BP was leveraged.  The resulting analysis 

demonstrated how polymer-solvent interactions affect nanostructure reorganization 

and contributed a mechanistic understanding of the underlying factors that drive self-

assembly during SVA. 

4.2 Materials and Methods 

4.2.1 Preparation and Characterization of Thin Films 

The SIS triblock copolymer (Mn = 118 kg/mol; Đ = 1.09; block volume 

fractions: fS = 0.134, fI = 0.732, fS = 0.134; cylindrical nanostructure) was obtained 

from DEXCO (V4211) and used as received.  The dSIdS triblock copolymer (Mn = 
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160 kg/mol; Đ = 1.07; block volume fractions: fS = 0.10, fI = 0.78, fS = 0.12; 

cylindrical nanostructure) was synthesized (courtesy of Maëva Tureau) via sequential 

anionic polymerization of perdeuterated styrene (Acros, stabilized, 98+ atom% D) and 

isoprene (Acros, 98% stabilized) as described in the literature.31  Both polymers were 

characterized by size exclusion chromatography (Viscotek, GPCmax WE-2001), 

nuclear magnetic resonance spectroscopy (Bruker, AVX400), small-angle X-ray 

scattering, and atomic force microscopy (AFM).  

SIS or dSIdS films were cast onto cleaned silicon wafers from 2.1 wt% and 3.1 

wt% polymer in tetrahydrofuran (Optima) solutions by flow coating to produce 200 ± 

2 nm and 400 ± 4 nm thickness films, respectively.32  As-cast film thickness was 

measured using a spectral reflectometer (Filmetrics, F20-UV) every 5 mm along the 

length of the film (total of 13 measurements across a 70 mm film).  The free surface 

morphologies of as-cast and solvent annealed films were examined by tapping mode 

AFM (Veeco Dimension 3100) with silicon probes (Tap 150G, BudgetSensors). 

4.2.2 Solvent Vapor Annealing 

Thin films were annealed with d-benzene (99.6 atom% D, Sigma Aldrich), 

d-acetone (99.9 atom%, Sigma Aldrich), or d-hexane (99 atom%, Sigma Aldrich) 

vapor by bubbling nitrogen gas through a solvent reservoir (≈15-20 mL) and directing 

the solvent-rich vapor stream into and out of the sample chamber.  A pure nitrogen 

stream was mixed with the solvent-rich stream to manipulate the solvent concentration 

in the sample chamber.  The solvent vapor and nitrogen were combined several feet 

before reaching the inlet port of the chamber to ensure the inlet flow was well-mixed 

prior to entering the chamber.  The nitrogen flow rate in each stream was controlled 

with mass flow controllers (MKS Instruments Type 146C Cluster Gauge) with 0-10 
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mL/min set points.  Using the two streams, nitrogen volumetric flow rate ratios 

(solvent-rich:diluent [mL/min:mL/min]) of 0:0 (as-cast), 10:0, 8:2, 6:4, 4:6, and 0:10 

(redried) were used to anneal the films.  For d-benzene, these flow rate ratios 

corresponded to p/psat values of 0, 0.93, 0.84, 0.59, 0.43, and 0; d-hexane and d-

acetone partial pressures were not measured.  Optical microscopy images (Nikon 

Eclipse LV100 equipped with a 5 MP CCD camera) of the SIS films after in situ 

experiments were captured to ensure the long solvent exposure times did not promote 

film dewetting that would affect SANS and NR profiles and alter the results (see 

Appendix B, Figure B.1). 

The partial pressure of d-benzene at each ratio was measured using mass 

spectrometry (Hiden Analytical).  To ensure that the ex situ mass spectrometry results 

matched those from the in situ scattering experiments, the same solvent bubbler, 

sample chamber (with film), and vapor flow lines were connected.  Then, the partial 

pressure of solvent was measured at the sample chamber outlet to account for any 

possible changes in solvent composition due to film swelling.  For each partial 

pressure, mass spectrometry signals for nitrogen (m/z = 28 amu), d-benzene (m/z = 84 

amu), oxygen (m/z = 32 amu), and water (m/z = 18 amu) were measured over time 

until steady-state was reached (≈30 min.).  Then, a more detailed scan from m/z = 0.4 

to 90 was recorded and used to calculate p/psat d-benzene concentrations on the basis 

of literature fragmentation patterns.33  The profiles recorded via mass spectrometry are 

shown in Appendix B, Figure B.2.  

4.2.3 In Situ Small-Angle Neutron Scattering 

To conduct in situ SANS/SVA experiments, a specially designed flow chamber 

was used to house two 400 ± 4 nm thick polymer films, which increased scattering 



 120 

volumes and provided paths for solvent inlet and outlet as shown in Appendix B, 

Figure B.3.  The neutron beam was directed through silica windows, and the chamber 

was held at 25 °C using continuous circulating water baths.  Within the chamber, 

spacers were used to ensure films were exposed to a sufficient volume of d-benzene 

vapor.  Two controlled flows of nitrogen were used to regulate the d-benzene 

concentration exposed to the film.  One nitrogen stream passed through the d-benzene 

bubbler to carry solvent to the sample chamber, and the other stream passed directly 

into the sample chamber to dilute the concentration of d-benzene.  Using this 

approach, equivalent d-benzene partial pressure to saturated vapor pressure ratios 

(p/psat) of 0, 0.93, 0.84, 0.59, and 0.43 were used to anneal the films.  (Ratios 

determined from mass spectrometry measurements, see Appendix B, Figure B.2.) 

SANS experiments were conducted using the NGB 10 m SANS instrument at 

the National Institute of Standards and Technology (NIST) Center for Neutron 

Research (NCNR).  Neutrons with an incident wavelength (λ) of 5.0 Å and a 

wavelength divergence (Δλ/λ) of 0.15 were utilized for all runs in a 12.7 mm diameter 

incident beam.  For each p/psat, neutron detector counts were measured at a 5.2 m 

sample to detector distance, with a 25 mm beamstop, and 120 min collection time.  

This configuration covered a Q range of 0.005 Å-1 ≤ Q ≤ 0.112 Å-1.  To ensure the 

sample chamber d-benzene concentration and film thickness were at equilibrium, a 

shorter collection time (30 min) was used initially to determine if the azimuthally 

averaged scattering intensity profile remained unchanged over ≈1 h.  Resulting SANS 

scattering data were reduced using Igor Pro (WaveMetrics) software with NCNR 

SANS reduction macros and plotted as azimuthally averaged intensity profiles.34  The 



 121 

azimuthally averaged intensity profiles were fit to a broad peak model and analyzed 

using SASView software. 

4.2.4 In Situ Neutron Reflectometry 

In situ NR experiments were conducted to measure the z-distribution 

(substrate-to-free surface) of solvent (d-benzene, d-acetone, or d-hexane) in SIS films 

at different values of p/psat.  The NR setup included a sample chamber housing a 

single polymer film (200 ± 2 nm thick), held in a reflectivity geometry with the 

neutron beam, and a solvent vapor inlet and outlet port as shown in Appendix B, 

Figure B.4 (full schematics shown in Appendix B, Figures B.5 to B.12).  The chamber 

was made of aluminum to remain transparent to neutrons in reflectivity geometries.  

Additionally, borated aluminum shields were added around the neutron beam inlet and 

outlet to prevent scattering from sample cell hardware (e.g., screws).  Nitrogen gas and 

solvent vapor were flowed through the chamber using the same solvent bubbler set-up 

as the SANS experiment at the same nitrogen volumetric flow rate ratios (solvent-

rich:diluent [mL/min:mL/min]) of 0:0 (as-cast), 10:0, 8:2, 6:4, and 4:6; these ratios 

corresponded to d-benzene p/psat values of 0, 0.93, 0.84, 0.59, and 0.43, respectively 

(d-acetone and d-hexane p/psat values were not measured).  After SVA, the samples 

were redried with pure nitrogen gas for an additional run to compare with the as-cast 

film for ‘before’ and ‘after’ snapshots of the change in polymer domain restructuring. 

NR experiments were conducted using the multi-angle grazing-incidence k-

vector (MAGIK) instrument at the NCNR.  Neutrons with an incident wavelength of 

5 Å were directed at a 64 mm long, 25 mm wide wafer with an 200 ± 2 nm thick SIS 

film within the in situ SVA chamber and held at 25 °C using continuous circulating 

water baths.  At each p/psat, shorter Qz range scans (0 Å-1 ≤ Qz ≤ 0.0439 Å-1) with a 
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step size of 0.0004 Å-1 were recorded continuously until 2-3 consecutive profiles were 

identical within the measurements uncertainty.  After equilibration, larger Qz range 

scans (0 Å-1 ≤ Qz ≤ 0.1315 Å-1) with a step size of 0.0004 Å-1 were recorded.  

Resulting reflectometry profiles were reduced using reflred software, and the reduced 

profiles were analyzed with reflfit and refl1D software programs incorporating 

multilayer models.35 

4.3 Results and Discussion 

4.3.1 Neutral/Slightly Selective Solvents 

SIS films on silica substrates were annealed with d-benzene vapor during 

neutron scattering to explore solvent diffusion, solvent segregation, and polymer-

solvent interactions.  The choice of polymer and solvent was ideal for this study for 

multiple reasons: at 25 °C, (1) the individual blocks in the SIS BP have different 

solubility parameters (δPS = 18.6 MPa1/2 and δPI = 16.4 MPa1/2),36 with δd-benzene ≈ 18.8 

MPa1/2,36 imparting measurable differences in polymer-solvent interactions, (2) PS and 

PI have natural ρ differences (ρPS = 1.41 x 10-6 Å-2 and ρPI = 0.273 x 10-6 Å-2)37 

providing polymer-polymer contrast, (3) d-benzene has a significantly higher ρ than 

PS or PI (ρd-benzene = 5.43 x 10-6 Å-2)37 offering polymer-solvent contrast, and (4) 

parallel cylinder morphologies have both in-plane and out-of-plane features that can 

be tracked using SANS and NR analysis, respectively. 

4.3.1.1 Solvent Diffusion and Segregation 

SANS scattering data from in situ SVA of SIS with d-benzene at each p/psat 

were azimuthally averaged to generate the intensity patterns shown in Figure 4.1.  

Two distinct characteristics were noted in the azimuthally averaged patterns.  First, a 
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large intensity peak was measured at Q* ≈ 0.020 Å-1 for all solvent conditions, 

corresponding to a 31 nm distance between (10) planes, d (d = 2π/Q*).  On the basis 

of the nanostructure geometry (parallel-oriented hexagonally-packed cylinders), this 

distance indicated a nearest-neighbor spacing L0 = 36 nm.  The invariance of the peak 

position with p/psat suggested the lateral L0 did not change significantly with solvent 

concentration, a result consistently reported in literature for slightly preferential or 

neutral solvents.4, 13, 14  Second, the scattering intensity of the Q* peak increased with 

p/psat.  From the ρ values for PS, PI, and d-benzene, the increase in intensity indicated 

the solvent partitioned preferentially into the PS domains of the film; the d-benzene 

mixed with the PS increased the contrast ([Δρ]2) relative to d-benzene mixed with PI 

([Δρ]2 = [ρPS/d-benzene - ρPI/d-benzene]2).  Literature data are consistent with the solvent 

preference determined herein, as the d-benzene solubility parameter (δd-benzene ≈ 18.8 

MPa1/2)36 and literature χpoly-sol values ([χPS-benzene = 0.37]38 and [χPI-benzene = 0.44]39) 

indicate that d-benzene is considered slightly preferential for PS over PI.40 
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Figure 4.1: Plot of azimuthally averaged SANS intensity profiles from SIS films 
exposed to different partial pressures (p/psat) of d-benzene.  The Bragg 
peak at Q* ≈ 0.020 Å-1 corresponded to a nearest-neighbor L0 = 36 nm 
that did not change with p/psat.  Reprinted with permission from Shelton, 
C. K. et al. Macromolecules 2016, 49, 7525-7534, Copyright 2016 
American Chemical Society.41 

SANS scattering data were fit to broad peak models in SasView to determine 

the degree of solvent partitioning into PS domains as a function of p/psat.  The broad 

peak model (Equation 4.1) is ideal for modeling amorphous soft materials with 

scattering inhomogeneities such as cylindrical domains and profiles with only one 

Bragg peak over the measured Q range.42-44 

 I Q( ) = C

1+ Q−Q* ζ( )
m +B  (4.1) 

Within the broad peak model, B, ξ, and m remain relatively constant with 

solvent concentration; B accounts for the background signal, ξ represents the 

approximate correlation length of the domains (relatively unchanged according to pre- 

and post-SVA AFM images, see Appendix B, Figure B.1), and m is a scaling 

exponent.  However, C is a scaling factor directly related to the height of the Q* peak 
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and can be used to quantify the solvent segregation into PS and PI domains.  The fit 

parameter values from the model are summarized in Table 1, and plots of the broad 

peak model fits are shown in Appendix B, Figure B.13.  By using the known (Δρ)2 

between solvent-free PS and PI, the fit C value for the as-cast film, and the assumption 

that (Δρ)2 = 0 would result in a C of zero, a linear relationship between (Δρ)2 and C 

was generated.  This relationship was used to extrapolate (Δρ)2 between PS and PI 

domains in swollen films and to calculate the partitioning of solvent in each domain as 

a function of p/psat.  The models, calculations, and assumptions used in this analysis 

are described in more detail in the Appendix B, Section B.1. 

Table 4.1:   Broad peak model fit parameters for SIS thin films swollen with d-
benzene 

p/psat Q* (Å-1) B (cm-1) ξ (Å) m C 

0.93 0.0201 ± 0.0001 29.3 ± 0.1 216 ± 4 2.9 ± 0.1 40.4 ± 0.6 

0.84 0.0203 ± 0.0001 29.2 ± 0.1 221 ± 4 2.9 ± 0.1 39.1 ± 0.6 

0.59 0.0205 ± 0.0001 29.4 ± 0.1 216 ± 4 3.0 ± 0.1 35.9 ± 0.6 

0.43 0.0205 ± 0.0001 29.3 ± 0.1 219 ± 5 3.0 ± 0.1 33.5 ± 0.6 

0 (as-cast) 0.0204 ± 0.0001 28.9 ± 0.1 207 ± 5 3.1 ± 0.1 24.9 ± 0.5 

From the measured SANS profiles, the total segregation of solvent (moles of 

solvent in each domain divided by the total moles of solvent in the film) into the PS 

(41 mol%) and PI (59 mol%) domains was calculated within ±1 mol% for all p/psat, 

which supported the robustness of this approach for determining the solvent 

segregation in the film.  The larger percentage of the solvent in the PI domain was due 

to PI representing the majority component in the SIS film (fPI = 0.732).  However, the 

normalized or relative concentration of solvent in each polymer domain (moles of 
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solvent in each domain divided by total moles of solvent and polymer in that domain, 

moles polymer obtained from neat volume fractions of BP) was calculated as a 

function of p/psat as shown in Figure 4.2.  The higher concentration of d-benzene in PS 

domains in all cases quantitatively indicates that the d-benzene was preferential to the 

PS domains, also in agreement with literature.45 

 

Figure 4.2: Solvent content in PS and PI domains calculated from broad peak model 
fits to azimuthally averaged SANS intensity profiles indicated that the 
normalized d-benzene mol% (moles d-benzene in PS [or PI] divided by 
moles d-benzene plus PS [or PI]) was always higher in the PS domains 
compared to the PI domains (i.e., the solvent was PS-preferential).  
Additionally, the ratio of solvent to polymer within a particular domain 
increased with p/psat.  Error bars were calculated by propagating 
differences of ±5 vol% total solvent in the film through the calculations.  
Reprinted with permission from Shelton, C. K. et al. Macromolecules 
2016, 49, 7525-7534, Copyright 2016 American Chemical Society.41 

χpoly-sol was calculated from the SANS ,  using Equation 4.2,46 
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In Equation 4.2, ϕpoly is the volume fraction of polymer in the film, and Vsol and Vpoly 

are the molar volume of the solvent and polymer, respectively.  From Equation 4.2, a 

χpoly-sol of 0.49 ± 0.14 was measured for PS and d-benzene, and a χpoly-sol of 0.86 ± 0.25 

was measured for PI and d-benzene.  Although the χpoly-sol values are higher than those 

reported in literature for PS (0.37) and PI (0.44) with benzene,38, 39 the thin film 

geometry, covalent bonds between PS and PI, and polymer-polymer interactions 

between the individual blocks likely limited the polymer chains’ ability to stretch, 

resulting in less solvent uptake in comparison to homopolymer analogues.47  

Therefore, the more constrained middle block in the ABA block polymer (PI in SIS) 

was expected to swell less than the end blocks (PS in SIS) in relation to their 

homopolymer constituents, which is indicated in these results; the χpoly-sol value for PS 

is similar to the literature value within error, but the χpoly-sol value for PI is higher than 

values reported in literature.  Also, isotopic differences between benzene and d-

benzene could possibly impact the Flory-Huggins interaction parameter.48-50  Thus, 

polymer-solvent contrast introduced by neutron scattering experiments helped glean 

the importance of these additional thin film parameters on swelling. 

4.3.1.2 Nanostructure Reorganization Effects 

NR profiles from SIS films during SVA at different equilibrated d-benzene 

concentrations are shown in Figure 4.3 (temporal NR profiles during swelling and 

deswelling are shown in Appendix B, Figures B.14 to B.18).  A visual analysis of the 

scattering patterns revealed three main features.  First, the decrease in distance 

between subsequent Kiessig fringes with increasing p/psat indicated the film was 

getting thicker as the solvent partial pressure increased.  Second, a distinct Bragg peak 

appeared after annealing the SIS film with d-benzene.  The Bragg peak was not 
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present in the as-cast profile, which indicated the development of a domain structure 

that had a periodic composition modulation perpendicular to the substrate (parallel 

cylinder layers) as a result of solvent exposure.  Finally, the Bragg peak position (Qz*) 

decreased going from the first (p/psat = 0.93) to second (p/psat = 0.84) solvent 

concentration and increased thereafter.  This characteristic signified a change in the 

vertical Lz brought about by solvent swelling/deswelling and polymer domain 

reorganization. 
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Figure 4.3: NR profiles (data points) and model fits (black lines) for d-benzene 
swollen SIS films at different p/psat in the order that they were run from 
top to bottom.  Upon exposure to solvent vapor, the film increased in 
thickness (t) due to solvent swelling and developed repeating parallel 
cylinder layers as evidenced by the narrowing of Kiessig fringes and the 
formation of a Bragg peak, respectively.  In general, Lz decreased with 
the value of p/psat.  However, Lz increased slightly from p/psat = 0.93 to 
p/psat = 0.84.  The NR profiles have been vertically offset for clarity.  
Reprinted with permission from Shelton, C. K. et al. Macromolecules 
2016, 49, 7525-7534, Copyright 2016 American Chemical Society.41 

Although literature typically reports a decrease in Lz with reducing solvent 

partial pressure,51, 52 the Qz shift of the Bragg peak in Figure 4.3 indicated an initial 

increase in Lz from 27 nm to 29 nm as partial pressure changed from p/psat = 0.93 to 

p/psat = 0.84, followed by decreases in Lz thereafter.  Similar Lz increases in literature 

have been suggested for cylindrical systems and were attributed to the coalescence of 

cylindrical layers as solvent concentration in the film decreased.13, 53  In the highly 
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swollen films, enough solvent is present to impart polymer chain mobility, such that 

the decreases in swollen film thickness (i.e., going from p/psat = 0.93 to p/psat = 0.84) 

allows changes in the number of layers rather than only the thickness of each layer.  

As the film thickness decreased with solvent content, this process permitted the 

nanostructures to maintain an energetically favorable Lz as determined by the interplay 

of polymer-polymer interactions and polymer chain lengths. 

The full mechanism describing the increase/decrease in the number of layers 

(n) and the Lz is detailed in Figure 4.4.  For solvent concentrations of p/psat = 0.93 and 

p/psat = 0.84, the d-benzene concentration in the glassy PS domain (xPS-sol) was 51 

mol% and 40 mol% according to SANS results (Figure 4.2).  Both concentrations of 

d-benzene were sufficient to lower the Tg of PS below 25 °C and impart chain 

mobility according to literature.54, 55  Therefore, the polymer chains had enough 

mobility to decrease n and maintain a favorable Lz (approximately 27-29 nm as 

measured by Luo et al.)56 at a reduced film thickness.  Note: The minor 

incommensurability between the number of layers (n = 12) and the film thickness (t = 

347 nm) at p/psat = 0.93 resulted from roughened domain and free-surface interfaces, 

as indicated by the lower amplitude Kiessig fringes in Figure 4.3, in the highly 

swollen film (see Appendix B, Section B.2 for further details).57  At the new n = 10 (for 

p/psat = 0.84), the layers were stretched slightly from 27 nm to 29 nm to achieve 

commensurability between the film thickness and Lz and to account for the slight 

increase in χPS-PI when the solvent concentration in the film was reduced.57, 58  

Additionally, for hexagonally-packed cylinder morphologies, the in-plane and out-of-

plane periodicity is expected to change by a factor of approximately √3/2 (Lz ≈ 

0.87L0).  The large decrease in the measured Lz, (from NR) compared to the measured 
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L0 (from SANS) was likely the result of this effect and incommensurability between 

the swollen film thickness and equilibrium Lz. 

For subsequent deswelling (p/psat = 0.59 [xPS-sol = 28 mol%], p/psat = 0.43 

[xPS-sol = 16 mol%], and p/psat = 0 [redried film]) the Lz decreased in proportion to 

overall film thickness because there was not enough solvent present in the film to 

promote layer restructuring as the film thickness decreased (the minimum solvent 

concentration required to reduce the Tg of PS below 25 °C is approximately 25-30 

mol%).54, 55  Although, the xPS-sol from the p/psat = 0.59 run falls in this range, it is 

likely there was not a sufficient reduction in glassy behavior or polymer-polymer 

segregation (χpoly-poly) to promote a further decrease in n.57, 58  Thus, these results 

demonstrate how solvent conditions above or below the critical p/psat value change the 

interplay between thermodynamic and kinetic effects, which can have significant 

implications for the morphological development (i.e., domain size, degree of ordering, 

and interfacial roughness) of nanostructured films. 
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Figure 4.4: Schematic detailing the process by which SIS nanostructures restructured 
during SVA. SVA promoted layering of parallel cylinders by swelling 
the film to impart chain mobility via reduction of the Tg of the glassy PS 
domains below the annealing temperature (25 °C).  To account for the 
film thickness (t) reduction during solvent removal from p/psat = 0.93 to 
p/psat = 0.84, n decreased, rather than Lz, to prevent unfavorable 
compression of the polymer chains.  However, commensurability 
conditions from mismatches in t and n and an increased χPS-PI led to 
slightly stretched layers (Lz = 27 to Lz = 29).  When there was not enough 
solvent in the film to lower the PS Tg below 25 °C  (p/psat ≤ 0.59), n could 
no longer adjust to account for thickness changes; instead, the average Lz 
decreased with the value of p/psat to account for the change in t.  The 
error in t was recorded as ±10 nm to account for roughness at the free 
surface that limited the accuracy of film thickness measurements.  
Although the SANS and NR profiles suggest the in-plane and out-of-
plane structure is not perfectly-ordered, the schematic depicts uniform 
parallel cylinder morphology for clarity in describing the mechanisms for 
domain restructuring.  Reprinted with permission from Shelton, C. K. et 
al. Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.41 
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4.3.1.3 Substrate to Free Surface Solvent Profiles 

NR profiles were fit to multilayer models using reflfit and refl1D software.35  

(Fits are shown in Figure 4.3 and Appendix B, Figure B.19)  The model schematic and 

model fit to the p/psat = 0.93 NR data are illustrated in Figure 4.5.  The model 

incorporated a series of n–1 repeating layers with the polymer contents consisting of 

cylindrical PS nanostructures in PI matrix and pure PI (between cylindrical layers).  

The final layer (n) was composed of half-cylinder wetting layers at both the substrate 

and the free surface, as the end block PS was preferential for both the silicon oxide 

(SiO2) at the substrate surface and the solvent-rich atmosphere at the free surface.  The 

presence of half-cylinders at the substrate and free surface was assumed on the basis 

of previous work that measured half-cylinder wetting layers in SIS at each interface 

after SVA and thermal annealing.31, 56  Each layer was modeled individually to 

account for changes in ρ and layer thickness through the film.  The ρ profile in 

Figure 4.5 indicated an oscillatory behavior through the film resulting from pure PI 

layers that had a lower ρ than PS/PI layers (ρPS/PI > ρPI).  Additionally, the fits 

mirrored the proposed mechanism from Figure 4.4 as n decreased from 12 to 10 for 

p/psat = 0.93 to p/psat = 0.84 and remained constant at 10 for any further reduction in 

solvent content (i.e., additional deswelling).  As further evidence of a change in n 

during removal of solvent, a comparison of fits for p/psat = 0.84 data using multilayer 

models with n  = 10 and n = 12 is shown in Appendix B, Figure B.20.  Although the 

n = 12 model produces the same film thickness as the n = 10 model, the Bragg peak 

location (related to Lz) and number/location of Kiessig fringes before the Bragg peak 

(related to n) do not match the measured NR profile for n = 12.  These differences 

result in a significantly higher χ2 for the n = 12 model (χ2 = 442) in comparison to the 
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n = 10 (χ2 = 1.47) model and further supports the conclusion that n decreased upon 

deswelling. 

 

Figure 4.5: NR data (open blue circles) and multilayer model fit (black line) for p/psat 
= 0.93.  The inset plot details the free surface (depth = 0) to substrate ρ 
profile from the model fit.  The oscillating ρ with depth resulted from the 
layer model incorporating pure PI (lower initial ρ and less solvent) and 
PS/PI mixture layers (higher initial ρ and more solvent).  As shown in the 
illustration, PS/PI layers contained cylindrical domains, and pure PI 
layers represented the space between nearest neighbor cylindrical layers.  
Reprinted with permission from Shelton, C. K. et al. Macromolecules 
2016, 49, 7525-7534, Copyright 2016 American Chemical Society.41 

By modeling the profile as a series of independent domains of repeating PS 

cylinders in PI matrix and pure PI matrix layers with changing ρ values (from solvent 

content in each domain), the substrate-to-free surface solvent distribution was mapped.  

In Figure 4.6, the resulting substrate-to-free surface solvent profiles from model fits to 

the data for d-benzene in SIS at different values of p/psat is detailed.  From the solvent 
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profiles, several key aspects were noted.  First, layer-to-layer fluctuations of ρ in the 

z-profile were the result of differences in ρ for PS and PI, which were enhanced by the 

preferential solvent segregation in PS domains as calculated from SANS results shown 

in Figure 4.2.  Second, p/psat = 0.84 and p/psat = 0.59 profiles had a statistically 

significant increase in solvent concentration from the free surface to substrate.  

Although the average solvent concentration in the film appears to be higher towards 

the substrate at all p/psat values, the significantly larger solvent concentration at the 

substrate in moderate solvent partial pressure profiles likely indicates some solvent is 

being trapped in the film during deswelling as has been reported in literature.59  

Furthermore, it is possible that this result is a thermodynamic effect (e.g., increased 

substrate-solvent preference at mid-range p/psat values due to parameters such as the 

Hamaker constant); however, literature suggests that if there was a substantial 

thermodynamic preference for the solvent to reside at the substrate surface, the film 

would have a tendency to dewet.60, 61  Third, deviations from a uniform solvent 

concentration in PI/PS domains and PI domains through the film increased from 

approximately ±5 vol% to  ±10 vol% at p/psat ≤ 0.59.  This behavior was likely the 

result of a lack of solvent needed to reduce the Tg below room temperature as 

discussed previously.  Because the PS chains were still glassy, solvent could not 

diffuse easily through the film resulting in the formation of trapped solvent.  

Additionally, AFM images of the SIS film before and after in situ NR (see 

Appendix B, Figure B.1) indicate areas of short cylinders and perforated structures 

(perpendicular alignment to the substrate) in the annealed nanostructure, which likely 

contribute to the roughness between layers noted in through-film ρ and solvent 

composition profiles.  Finally, the average solvent concentration in the film matched 
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well with those calculated from SANS results in Figure 4.2 (dashed lines in Figure 

4.6) and known polymer volume fractions in the film.  The agreement between the 

results indicates the chosen models for NR profiles accurately describe the solvent’s 

presence in the film. 

 

Figure 4.6: Solvent profiles of d-benzene in SIS films from the free surface 
(depth = 0) to substrate (depth = 1).  At p/psat ≤ 0.59, large deviations 
from through-film solvent uniformity were noted.  The average solvent 
concentration in the film at each p/psat was in reasonable agreement with 
the values determined by SANS at the same p/psat values (dashed lines).  
The lines between data points are to guide the eye.  Reprinted with 
permission from Shelton, C. K. et al. Macromolecules 2016, 49, 7525-
7534, Copyright 2016 American Chemical Society.41 

Using the χpoly-sol parameters determined from Figures 4.1 and 4.2, the 

measured restructuring of polymer domains was related to calculated polymer-solvent 

interactions.  From the χpoly-sol values for the individual polymer blocks, the ratio of 

solvent segregation in individual polymer domains can be calculated with 

Equation 4.2.  Additionally, because the solvent concentration in each layer remains 
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relatively constant through the film thickness, as indicated by through-film solvent 

profiles (Figure 4.6), the χpoly-sol values can forecast the through-film solvent 

concentration and film thickness as a function of p/psat.  Provided this value is above 

the threshold of solvent required to lower the Tg below room temperature and impart 

chain mobility, the restructuring of polymer domains can be predicted with knowledge 

of the energetically favorable vertical Lz in the film from ex situ studies to calculate 

the number of layers in the film, as well as whether the layers will be stretched or 

compressed. 

4.3.2 Highly Selective Solvents 

Highly selective solvents for PS (d-acetone) and PI (d-hexane) were used to 

examine polymer-solvent interactions further.  At 25 °C, the solubility parameter of 

acetone (δacetone = 20.3 MPa1/2) and hexane (δhexane = 14.9 MPa1/2) in comparison to PS 

(δPS = 18.6 MPa1/2) and PI (δPI = 16.4 MPa1/2) indicate these solvents should only 

swell one domain significantly.36  In situ NR was used to investigate the response of 

the nanostructure reorganization during swelling and swelling with these solvents. 

NR profiles from SIS films during SVA at different equilibrated d-acetone 

concentrations are shown in Figure 4.7.  From top to bottom, the d-acetone-rich 

nitrogen to diluent nitrogen ratios (mL/min:mL/min) of 0:0 (as-cast), 10:0, 8:2, 6:4, 

4:6, and 0:10 (redried) were exposed to the films in order.  Two broad Bragg peaks 

appeared at Qz values of 0.021 Å-1 and 0.040 Å-1 in the fully swollen films and shifted 

to higher Qz values (decrease in Lz) as the film was deswelled.  The broadness of the 

Bragg peaks indicated a consistent layering structure never developed in the film.  

This effect likely was the result of d-acetone being a poor, albeit preferential, solvent 

for PS.  The amount of d-acetone in the PS domain was sufficient to promote partial 
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restructuring but a higher solvent concentration and longer annealing times would be 

needed to promote complete restructuring into uniform cylindrical layers for analysis. 

 

Figure 4.7: NR profiles of dry SIS films (top profile), fully swollen SIS films 
(second profile; swollen with 10 mL/min d-acetone-rich nitrogen), and 
SIS films dried to nitrogen/d-acetone to diluent nitrogen ratios of 8:2, 
6:4, 4:6, and 0:10 (third profile to bottom).  Broad Bragg peaks 
developed at Qz = 0.021 Å-1 and Qz = 0.040 Å-1 after exposure to d-
acetone.  The Bragg peaks shifted to higher Qz values as the film was 
deswelled. 
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NR profiles from dSIdS films during SVA at different equilibrated d-hexane 

concentrations are shown in Figure 4.8.  From top to bottom, the d-hexane-rich 

nitrogen to diluent nitrogen ratios (mL/min:mL/min) of 0:0 (as-cast), 10:0, 8:2, 6:4, 

4:6, and 0:10 (redried) were exposed to the films in order.  A broad Bragg peak was 

recorded in dry film profiles at high Qz, which likely indicated the presence of some 

layering in the as-cast state with a range of Lz values.  The Bragg peak disappeared in 

films swelled with d-hexane due to the solvent preference to the PI domain and 

subsequent nanostructure reorientation.  The d-hexane vapor above the film drove the 

PI domain to the free surface; however, because the PI is the middle block in the 

triblock copolymer, the polymer chain must fold in half, resulting in an entropic 

penalty.62  To avoid the entropic penalty, the nanostructures reorient perpendicular to 

the substrate, which eliminates an out-of-plane layering and Bragg peaks scattering.56, 

62  Therefore, neutron scattering geometries that permit the simultaneous investigation 

of in-plane and out-of-plane features in BP thin films, such as GISANS, are needed to 

better analyze this system (see Chapter 7, Section 7.2.5). 
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Figure 4.8: NR profiles of dry dSIdS films (top profile), fully swollen dSIdS films 
(second profile; swollen with 10 mL/min d-hexane-rich nitrogen), and 
dried to nitrogen/d-hexane to diluent nitrogen ratios (mL/min:mL/min) of 
8:2, 6:4, 4:6, and 0:10 (third profile to bottom).  A broad Bragg peak in 
the dry film disappeared after swelling and deswelling with d-hexane. 

4.4 Conclusions 

In this chapter, the distribution of d-benzene was tracked into individual PS 

and PI domains of an SIS BP as a function of solvent partial pressure (p/psat) using in 

situ SANS and NR.  Measurable differences in polymer domain sizes (L0 and Lz), 

number of layers (n), and film thickness (t) were related to in-plane and out-of-plane 
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solvent profiles determined with SANS and NR, respectively.  Furthermore, a 

preferential segregation of d-benzene into PS domains was measured and used the 

results to calculate χpoly-sol parameters that were in qualitative agreement with 

literature.  More selective solvents (d-acetone and d-hexane) also were studied to 

explore how nanostructure reorganization changes as a function of solvent preference.  

The ability to add polymer-solvent contrast (via deuterated solvents), not easily 

obtained in X-ray scattering, permitted the relation of both polymer-polymer and 

polymer-solvent interactions to the reorganization of nanostructures during SVA.  

Thus, these results define how solvent preferentially diffuses into individual domains, 

how solvent diffusion effects nanostructure reorganization as a function of p/psat, and 

how domains become kinetically trapped during solvent removal.  Additionally, Lz can 

be controlled by manipulating the solvent content in the film and the swelling/drying 

pathway, as demonstrated in this chapter.  These outcomes help define several of the 

underlying mechanisms that govern the morphological evolution in BP thin films 

subjected to SVA, such as the mobility required to restructure the domain lattice, the 

impact of surface and interfacial roughness on commensurability constraints, the 

trapping of solvent in the film as a function of polymer mobility, and the selectivity of 

polymer and solvent at the free and substrate surfaces.  Finally, this work provides an 

approach for predicting the solvent p/psat threshold necessary to effect morphological 

rearrangement on the basis of changes in Tg due to solvent uptake. 
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MANIPULATION OF SHEAR-ALIGNMENT EFFECTS IN BLOCK 
POLYMER THIN FILMS 

In this chapter, small-angle neutron scattering (SANS) was used to identify the 

kinetic pathways between disordered and ordered states in block polymer (BP) thin 

films subjected to solvent vapor annealing with soft shear (SVA-SS), which enabled 

the optimization of large-scale nanostructure ordering and alignment.  The judicious 

incorporation of deuteration in poly(deuterated styrene-b-isoprene-b-deuterated 

styrene) (dSIdS) films (≈200 nm thick) provided sufficient contrast in the SANS 

experiments to overcome the diffuse scattering as a result of scattering through thicker 

(non-deuterated) polydimethylsiloxane (PDMS) pads (≈500 µm thick), permitting the 

in situ tracking of BP nanostructure responses to swelling, deswelling, and shear 

forces.  Through these experiments, a robust and ‘hands-off’ approach using gradient 

thickness PDMS pads to create large and controllable shear forces that direct BP thin 

film self-assembly was developed.  Furthermore, insight gleaned from these 

experiments was applied to the creation of a novel film casting technique that 

produces shear-aligned BP thin film nanostructures in a high-throughput, continuous 

process.  The methods highlighted in this chapter can be applied to quickly and 

reliably generate cost-effective, low defect density, microscopic patterns over 

macroscopic areas for both nanotechnology research and industrial applications.  Text 

and figures are reproduced or adapted with permission from Shelton, C. K., Jones, R. 

L., and Epps, T. H., III, in preparation. 

Chapter 5 
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5.1 Introduction 

Unlocking the potential of BP thin films for nanolithography and templating 

applications rests in the ability to direct self-assembly (i.e., morphology, ordering, 

orientation) precisely, a task that becomes more difficult as size scales continue to 

shrink. 1-10  As discussed in a recent report that examined the use of BP thin films for 

templating and lithography, “the biggest problem is defectivity, followed in order by 

pattern roughness/uniformity, placement accuracy, and material quality control.”11  

Specifically, the thermodynamics of BP thin film self-assembly allows for a high 

probability of generating low-energy, kinetically trapped defects.12, 13  This issue has 

hindered the mainstream use of BP thin films in nanotechnology and forced industry 

to invest in high-cost lithography techniques such as extreme ultraviolet ozone 

lithography for the production of nanometer-scale patterned features.11  Although BP 

thin films have the potential to reduce current lithographic feature sizes, and the 

associated expenses, key challenges must be overcome including the development of 

rapid, cost-effective, and scalable methods to align nanostructures with low defect 

densities over macroscopic areas. 

Although a variety of directed self-assembly techniques exist (see Chapter 1, 

Section 1.5), shear-alignment has garnered substantial consideration in recent years 

due to its high-degree of ordering, low cost, and relative universality among BP thin 

film systems.  Seminal work by Register and coworkers discussed how manual 

displacement of PDMS pads across thermally annealed BP thin films induced a 

directional shear force that aligned the domains.14  Heating the BP above the glass 

transition temperature (Tg) of the individual blocks provided sufficient mobility to the 

polymer chains to promote domain alignment during shear.  Although well-ordered 

and aligned nanostructures in many BP thin film chemistries and morphologies have 
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been achieved with this technique,14-19 the time-scales for alignment are on the order 

of several minutes to hours, and the restructuring effects are limited to film 

thicknesses of one or two domains.14, 20  To address these concerns, Jeong et al. used 

SVA rather than high temperatures to impart mobility to the polymer chains.21  The 

exposure to solvent vapor plasticized the polymer chains and effectively reduced the 

polymer Tgs to below room temperature.2, 22, 23  The researchers demonstrated that a 

solvent-swollen PDMS pad in direct contact with a BP thin film could be drawn across 

the free surface in the desired alignment direction to impart the same degree of 

ordering and directionality achieved via thermal annealing but over time-scales on the 

order of 5 s to 30 s.21 

In contrast to physically displacing a PDMS pad on a film (i.e., hard shear), 

material property differences can induce shear forces between the BP and a PDMS pad 

(i.e., soft shear).24, 25  Two commonly exploited phenomena to produce soft shear are 

thermal expansion and solvent swelling.  Singh et al. demonstrated that PDMS pads 

placed on poly(styrene-b-methyl methacrylate) (PS-PMMA) films and subjected to 

thermal gradients in a cold zone annealing (CZA) process generated a shear force from 

differences in the thermal expansion of the film (thermal expansion coefficients: αPS = 

80 x 10-6/°C and αPMMA = 50 x 10-6/°C) versus PDMS (αPDMS = 325 x 10-6/°C).24  The 

shear force directed the alignment of nanostructures and reduced the defect density in 

the film in comparison to CZA alone.26, 27  Similarly, Majewski and Yager developed 

soft shear laser zone annealing (LZA), which used a high-intensity laser and light-

absorbing germanium monolayer to localize the shear direction and intensify the 

thermal gradient, allowing for faster annealing times.28  However, CZA and LZA 

subject the films to high temperatures that can cause chemical or morphological 
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changes in thermally-responsive BPs, as well as polymer degradation.29, 30  Swelling 

and deswelling of the PDMS from exposure to solvent vapor during SVA-SS can 

create shear fields to align BP thin film nanostructures at room temperature.25, 31, 32  

Qiang et al. used SVA-SS to align cylindrical poly(styrene-b-isoprene-b-styrene) 

(SIS) nanostructures with this technique.25, 31  The lateral swelling and deswelling of 

PDMS in contact with an SIS thin film generated a shear field that aligned the solvent-

swollen domains.  Luo et al. improved the patterning ability of SVA-SS using raster 

solvent vapor annealing with soft shear (RSVA-SS) to localize swelling and 

deswelling in SIS films for controlled shear field directionality and nanostructure 

alignment.32  Annealing times in the range of seconds to minutes were achieved with 

SVA-SS and RSVA-SS without complications associated with thermal degradation; 

however, the actual mechanics of the domain restructuring process have not been 

explored, which limits the ability to design universal approaches to produce the 

desired assemblies.33 

In this chapter, the kinetics of toluene SVA-SS in cylinder-forming dSIdS thin 

films were studied using in situ SANS experiments.  By systematically testing the 

effects of several key parameters (PDMS elasticity, swelling ratio, and deswell rate), 

the best conditions to produce highly-ordered, well-aligned nanostructures over 

macroscopic film areas with SVA-SS were determined.  The deuteration of the 

polystyrene blocks in the copolymer films significantly enhanced the contrast between 

the polymer domains, which overcame the large diffuse scattering contribution 

(background) from PDMS pads and also reduced SANS data collection times to 15 

min.  This experimental method provided fundamental and actionable insights into the 

mechanisms of shear-alignment during SVA-SS.  From the analysis, more 
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reproducible spatial control over nanostructure alignment was developed using 

gradient thickness PDMS pads that directed drying fronts and shear directions in thin 

films.  Furthermore, the insight from SVA-SS experiments was applied in the 

development of a novel thin film coating technique (termed shear casting) to cast and 

shear-align BP thin film nanostructures simultaneously in a single-step process 

through the incorporation of a flexible PDMS blade proceeding the rigid casting blade 

in a typical flow coating process.  Overall, this chapter details translatable approaches 

to produce highly ordered and ‘programmable’ patterns across macroscopic areas in 

hierarchical materials with as few processing steps as possible to access new avenues 

of applied nanotechnology research and make industrial-scale BP thin film 

nanostructure generation more feasible and cost-effective. 

5.2 Materials and Methods 

5.2.1 Thin Film Casting and Characterization 

The dSIdS triblock copolymer (Mn = 160 kg/mol; Đ = 1.07; block volume 

fractions: fS = 0.10, fI = 0.78, fS = 0.12; cylindrical nanostructure) was synthesized 

(courtesy of Maëva Tureau) via sequential anionic polymerization of perdeuterated 

styrene (Acros, stabilized, 98+ atom% D) and isoprene (Acros, 98% stabilized) as 

described in the literature.34  The SIS triblock copolymer (Mn = 118 kg/mol; Đ = 1.09; 

block volume fractions: fS = 0.134, fI = 0.732, fS = 0.134; cylindrical nanostructure) for 

shear casting was obtained from DEXCO (V4211) and used as received.  Both 

polymers were characterized by size exclusion chromatography (Viscotek, GPCmax 

WE-2001), proton nuclear magnetic resonance spectroscopy (Bruker, AVX400), and 

atomic force microscopy (AFM; Veeco Dimension 3100).  



 152 

dSIdS films were flow coated35 onto silicon wafers (Wafer World Inc.) from 

2.1 wt% polymer in tetrahydrofuran (Optima) solutions.  SIS films were shear cast36 

onto silicon wafers from 2.1 wt% polymer in 5:95 o-xylene:THF (mass%:mass%) 

solutions.  o-Xylene was purchased from Sigma Aldrich (puriss. p.a., ≥99.0% [GC]) 

and used as received.  Prior to casting, the silicon wafers were triple rinsed with 

toluene, dried with compressed nitrogen gas (Keen Compressed Gas Co.), processed 

in an ultraviolet ozone cleaner (model 342, Jelight Co., Inc.) for ≈1 h, and re-rinsed 

with toluene.  dSIdS films were cast at uniform thickness (200 ± 5 nm) as determined 

by a spectral reflectometer (Filmetrics, F20-UV) taking measurements every 5 mm 

along the length of 25 mm films.  The casting of SIS films was more varied, as 

described in Section 5.4.  The free surface morphologies of as-cast and processed 

(SVA-SS or shear casting) films were examined by tapping mode AFM with silicon 

probes (Tap150G, BudgetSensors) at a typical setpoint ratio of 0.65.  After shear 

casting and AFM imaging, SIS films were subjected to dynamic vacuum (20 mTorr) at 

room temperature to remove residual solvent before thermal annealing under vacuum 

at 130 °C for 2 h to promote polymer chain mobility and nanostructure coalescence 

into larger grains.  After 2 h, films were removed from the vacuum oven and quenched 

on a metal plate to bring the films to room temperature and kinetically trap the 

microstructures, and the free surface morphology was reimaged with AFM. 

5.2.2 Polydimethylsiloxane Pad Preparation 

Elastomeric pads and flexible blades were generated from a PDMS kit (Dow 

Corning Sylgard 184).  PDMS pads were fabricated at 5:1, 10:1, 15:1, or 20:1 wt:wt 

ratio of elastomer base to curing agent.  Flexible PDMS blades for shear coating were 

made at 10:1 ratios.  The mixtures were combined in a glass beaker via stirring, and 
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dynamic vacuum was pulled for 30 min to degas the blend prior to curing at 65 °C for 

3 h.  The thickness of each pad was ≈0.3 mm, and the thickness of each flexible blade 

was ≈2 mm.  For gradient thickness PDMS pads, the Petri dishes were angled ≈2° by 

placing two glass microscope slides (1 mm-thick each) under one side of the dish.  

The PDMS spread at this angle during degassing in the vacuum oven, and it was cured 

for the same temperature and time as uniform thickness pads.  Cured and cooled 

PDMS pads were slowly placed onto the dSIdS films to ensure no air bubbles were 

trapped between the pads and films before SVA-SS.  PDMS pads were angled slightly 

on the film in relation to the input vapor stream of the SVA chamber to control the 

location of the initial drying front (and domain alignment) in all samples; drying fronts 

propagate from the corner of the pads.25 

5.2.3 Small-Angle Neutron Scattering during Solvent Vapor Annealing with 
Soft Shear 

SANS experiments were conducted using the 10 m SANS (NGB) instrument at 

the National Institute of Standards and Technology (NIST) Center for Neutron 

Research (NCNR).  A 12.7 mm diameter neutron beam, 10 Å incident wavelength (λ), 

5.2 m sample to detector distance, and 25.4 mm diameter beamstop were used for all 

runs.  These specifications resulted in a measured Q range of 0.0007 Å-1 ≤ Q ≤ 

0.0536 Å-1.  A specially designed SVA flow chamber was employed as detailed in 

Section 4.2.3 and the literature.23  The SVA chamber housed a single 200 ± 5 nm thick 

dSIdS film (with or without PDMS), and the temperature was maintained at 25 °C 

using continuous circulating water baths.  SANS measurements were recorded every 

15 min to collect kinetic data during swelling and deswelling of films.  Additionally, 

SANS profiles were recorded before (as-cast) and after (annealed) solvent exposure.  
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PDMS pads were removed from the film for these two measurements to improve 

resolution.  SANS scattering data were reduced using Igor Pro (WaveMetrics) 

software with NCNR SANS reduction macros.37 

dSIdS films were annealed with toluene (Taylor Scientific, Reagent A.C.S.) 

vapor by bubbling nitrogen gas through a toluene reservoir to produce a solvent-rich 

vapor stream.  To manipulate the vapor composition, a pure nitrogen stream was 

mixed with the solvent-rich stream several feet before reaching the inlet of the sample 

chamber to ensure that the flow was well-mixed.  The flow rate of nitrogen bubbled 

through the toluene reservoir was modulated with two separate mass flow controllers 

(MKS Instruments Type 146C Cluster Gauge) with 0 – 10 mL/min set points.  Three 

different solvent-rich to diluent nitrogen ratios were used to swell the dSIdS films: 

10:0 (most swollen), 8:2, and 6:4 (least swollen).  dSIdS films were deswelled by 

setting the solvent-rich stream mass flow rate to 0 mL/min and the diluent nitrogen 

flow rate to either 3 mL/min (slowest deswell), 5 mL/min, or 7 mL/min (fastest 

deswell).  These flow rates corresponded to characteristic continuous stirred-tank 

reactor (CSTR) mean residence times (τCSTR) of 0.51 min, 0.30 min, and 0.22 min, 

respectively.  τCSTR values were calculated by dividing the diluent nitrogen flow rate by 

the volume of the cylindrical SVA chamber (chamber internal radius = 1.27 cm and 

internal height = 3 mm) and assuming there were no stagnant flow regions in the 

chamber.38  Note: literature has demonstrated that SVA chambers reach steady state 

exponentially, which is characteristic of a CSTR.39, 40 
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5.3 Results and Discussion 

5.3.1 Kinetics of Solvent Vapor Annealing with Soft Shear 

SANS profiles recorded every 15 min during SVA-SS (10 mL/min solvent-rich 

flow rate, 10:1 elastomer-to-curing agent PDMS, 3 mL/min diluent nitrogen deswell 

flow rate) revealed the disappearance of the diffraction primary peak during SVA-SS 

swelling and reappearance during deswelling (Figure 5.1a).  The initial peak intensity 

was due to self-assembled nanostructures and the scattering contrast between dPS and 

PI domains.  The peak intensity of the fully swollen state during SVA-SS (Figure 

5.1a) was approximately one order of magnitude less than the initial (pre SVA-SS) or 

post SVA-SS peak intensities obtained via SANS.  The primary peak remained 

relatively unchanged during SVA (Figure 5.1b) conducted at the same conditions (i.e., 

swollen film thickness, annealing time, swell and deswell rate).  A direct comparison 

between the two-dimensional scattering patterns obtained from the initial and final 

states of dSIdS films exposed to SVA or SVA-SS is shown in Appendix C, Figure 

C.1.  Note: the overall scattering intensity was higher for SVA-SS than SVA due to the 

diffuse scattering contribution from the PDMS pad (SVA-SS background ≈ 400, SVA 

background ≈ 10 in arbitrary units). 
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Figure 5.1: Temporal series of SANS profiles that track BP and PDMS swelling and 
deswelling during (a) SVA-SS or (b) SVA.  An order of magnitude drop 
in the primary peak scattering intensity was recorded during SVA-SS 
processing; a similar intensity drop was not noted during SVA 
processing.  However, the primary peak scattering intensity for the SVA-
SS sample returned to initial levels as the film was deswelled.  Note: the 
SVA-SS profiles have higher absolute scattering intensities in 
comparison to SVA profiles due to increased background scattering from 
the PDMS pads.41 

The order of magnitude drop in scattering intensity during SVA-SS likely 

indicated that the shear generated from swelling the PDMS pad across the film 

induced chain mixing and nanostructure disordering.  This disordering reduced 

scattering significantly and led to the destruction of grain structure in the film.42  As 

solvent was removed from the film and the shear forces reversed directions, the 

increase in scattering intensity at the primary peak suggested that phase separation into 

small grains occurred.  These smaller grains were easier to align than larger grains due 

to decreased energetic penalties for domain restructuring.43, 44  Therefore, the 

reorientation and alignment of smaller grains helped prevent the kinetic trapping of 

defects in the assemblies that limit domain ordering and directionality.  Similar 
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“intermediate states” that relieve entropic barriers for aligning large BP grains are 

discussed in literature.43-46 

Anisotropic SANS patterns were recorded after SVA-SS (Figure 5.2a; higher-

intensity points highlighted with dashed white circles), which suggest well-ordered 

and aligned parallel cylinders in the films.  AFM images (Figure 5.2b) supported the 

suspected nanostructure formations and directionality in the film as denoted by first 

and second order peaks in the corresponding fast Fourier transformation (FFT; 

Figure 2c) and a Herman’s orientation factor (S) of 0.89.  Herman’s orientation 

parameters were calculated from AFM images using annularly averaged intensity 

profiles at azimuthal angles associated with the primary peak and Equation 1.47 

  (5.1) 

In Equation 5.1, f is the annular angle and <cos2f> is the average of cos2f as a 

function of the intensity of the FFT at a given annular angle, I(f), calculated with 

Equation 5.2. 

  (5.2) 

AFM FFTs contained dot patterns rather than the crescent patterns noted in the 

SANS scattering data as a result of the smaller area (µm2) of analysis in AFM.  More 

specifically, the single-image AFM data did not capture the full nanostructure 

orientation or the complete ordering and alignment of the domains demonstrated over 

the SANS scattering sampling area (mm2).  Furthermore, AFM only examined the free 

surface (x-y plane), but SANS measured information in all three dimensions (x, y, and 
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z).  The use of neutron scattering provided the improved statistical capabilities 

necessary to elucidate key details about the SVA-SS process.  SVA without soft shear 

did not generate aligned nanostructures as evidenced by isotropic SANS patterns, 

mixed orientations in AFM images, and an S of 0.25 from AFM-generated FFTs 

(Figure 5.2d, e, and f, respectively).  AFM images from portions of the SVA-SS film 

that did not experience shear-alignment detailed a similar mixed morphology of 

parallel and perpendicular cylinders and featureless areas as shown in films exposed to 

SVA without soft shear.  This similarity implied there was no difference in the 

swelling conditions between the two samples that influenced the ordering and 

orientation behavior in the SVA vs. SVA-SS specimens  (see Appendix C, 

Figure C.2).  The alignment of domains depicted in Figure 5.2 SANS and AFM 

images post SVA-SS suggested that the small grains produced from shear forces 

during PDMS swelling had sufficient mobility to reorient and coalesce in the direction 

of the drying front as solvent was removed from the film.48  Therefore, larger shear 

fields and degrees of grain breakup are essential to improve nanostructure ordering 

and alignment. 
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Figure 5.2: SANS scattering data and representative AFM phase images with FFTs 
of dSIdS films after SVA-SS (a, b, c) or SVA (d, e, f), respectively.  
SANS data and AFM images of films subjected to SVA-SS had 
anisotropic rings (anisotropy highlighted with dashed white circles) and 
displayed well-ordered nanostructures, respectively, in contrast to the 
isotropic rings and mixed nanostructure orientations noted in the analysis 
of films exposed to SVA alone.  SVA-SS FFTs from AFM were dot 
patterns rather than crescent patterns as obtained from the SANS data on 
similar samples, as the smaller AFM scan area (µm2) was not able to 
capture the full film behavior in a manner similar to the SANS studies 
(mm2).  The scale bars in both AFM images represent 250 nm.41 

The effect of solvent concentration, and subsequent PDMS swelling, on the 

induced shear force that promoted chain mixing and grain breakup was examined, as 

shown in Figure 5.3.  The four data sets in Figure 5.3 represent the as-cast (with 

PDMS) SANS profile and steady-state SVA-SS SANS profiles after swelling dSIdS 

films using three different solvent-rich to diluent stream flow rate ratios: 10:0, 8:2, and 
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6:4 (mL/min:mL/min) and 10:1 elastomer-to-curing agent PDMS pads.  The solvent-

rich stream was a nitrogen stream saturated with toluene vapor, and the diluent stream 

was pure nitrogen.  The larger ratios of solvent-rich to diluent flow rates increased 

PDMS and film swelling, as well as reduced the scattering at the primary peak 

(Q = 0.015 Å-1) in comparison to smaller ratios.  The scattering intensity of the 

primary peak is lower in the as-cast profile than the 8:2 and 6:4 profiles due to 

increased scattering from the solvent and swollen film and PDMS.  The primary peak 

location shifted to smaller Q, and the scattering intensity increased, in as-cast samples 

in the first 30 min of swelling as shown in Figure 5.1.  The increased degree of 

swelling was noted by the increase in background scattering, in relation to the as-cast 

state, as the solvent partial pressure was raised.  The increase in diffuse scattering did 

not obscure the primary peak needed for structural analysis. 
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Figure 5.3: Azimuthally averaged SANS profiles for as-cast and fully swollen dSIdS 
films at different solvent-rich stream to diluent stream flow rates (10:0, 
8:2, and 6:4 - mL/min:mL/min).  The scattering intensity of the primary 
peak (at Q = 0.015 Å-1) decreased as solvent concentration increased 
(10:0 > 8:2 > 6:4).  The as-cast profile had a less intense primary peak 
than the 8:2 and 6:4 samples due to the lack of solvent swelling.  The 
primary peak intensity increased within the first 30 minutes of solvent 
swelling as shown in Figure 5.1.  The degree of PDMS swelling 
increased with increasing solvent concentration as indicated by the rise in 
background scattering, in comparison to as-cast samples, primarily as a 
result of larger PDMS (diffuse) scattering volumes.  Error bars represent 
one standard deviation from the measured intensity and were calculated 
during data reduction.41 

At the lowest toluene concentration (6:4 ratio; least PDMS swelling), less 

scattering loss at the primary peak was noticed during swelling in comparison to 8:2 

and 10:0 samples, which indicated less disordering from a combination of smaller 

shear forces (primary effect) and reduced swelling (secondary effect).  Higher toluene 

concentrations (8:2 ratio and 10:0 ratio [most PDMS swelling]) led to greater shear 

forces and larger degrees of chain mixing and disordering.  During swelling, the 
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correlation between the reduction in primary peak scattering intensity and PDMS 

swelling signified that the larger shear forces disordered a greater fraction of the film 

area, and upon deswelling, promoted the formation of small grains that were easier to 

align.  AFM images of films after SVA-SS at the different flow rate ratios (i.e., 

solvent concentrations) provide details regarding the impact of shear on the final 

nanostructure ordering (see Appendix C, Figure C.3).  Notably, only films subjected to 

the highest solvent concentrations (10:0 ratio) developed directional alignment and 

low defect densities during drying.  Films processed at an 8:2 ratio had aligned 

domains but contained a relatively high density of trapped defects.  Films annealed at 

a 6:4 ratio appear to not have swelled sufficiently to plasticize the polymer chains and 

promote restructuring during SVA-SS. 

5.3.2 Tuning Polydimethylsiloxane Swelling/Shear via Elasticity 

From the kinetic analysis, grain breakup and reformation during swelling and 

deswelling was was hypothesized to be responsible for nanostructure directionality 

and ordering.  To induce larger shear forces and produce nanostructure arrays with 

greater degrees of ordering and alignment, the elastomer-to-curing agent ratio in the 

PDMS pad was altered; higher elastomer ratio PDMS is less elastic and swells more 

readily.  The SANS data, azimuthally and annularly averaged profiles, and AFM 

images from four different ratios (5:1 [most elastic], 10:1, 15:1, or 20:1 [least elastic] 

wt:wt elastomer/curing agent) are shown in Figure 5.4.  All samples were swollen with 

a 10 mL/min toluene-rich nitrogen stream for 2.5 h and then deswelled with 3 mL/min 

pure nitrogen until dry (3 – 6 h). 
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Figure 5.4: SANS data and representative AFM images for dSIdS films subjected to 
SVA-SS from PDMS pads with elastomer-to-curing agent ratios (wt:wt) 
of 5:1 [most elastic, least swelling], 10:1, 15:1, or 20:1 [least elastic, 
most swelling].  SANS scattering data are shown in the first column as a 
function of elastomer-to-curing agent ratio.  Azimuthally averaged 
profiles are presented in the second column, in which the diffraction 
peaks are marked by yellow arrows.  Annularly averaged profiles are 
displayed in the third column, in which blue arrows mark the peak 
locations and are used to highlight changes in alignment direction from 
single direction (5:1 and 10:1; 2 peaks), to poorly-aligned (15:1; no high-
intensity peaks), to multiple direction (20:1; 4 peaks).  AFM phase 
images and corresponding orientation parameter values (S; calculated 
from FFTs of the micrographs) are shown in the fourth column.  The 
scale bar for the AFM images represents 250 nm and applies to all 
micrographs.  Error bars in plots represent one standard deviation from 
the measured intensity and were calculated during data reduction.41 
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Distinct nanostructure assemblies were created from PDMS pads with different 

elastomer-to-curing agent ratios, as shown in Figure 5.4.  Lower ratios (5:1 or 10:1) 

promoted nanostructure alignment with high directionality (two high-intensity peaks 

[blue arrows] confirmed with annularly averaged profiles) but limited ordering (no 

second order SANS peak [yellow arrows] in azimuthally averaged patterns).  Larger 

degrees of ordering were achieved with less elastic PDMS pads (15:1 or 20:1), but the 

annular averages suggested a change from a single alignment direction (two high-

intensity peaks) to poor alignment (15:1; no high-intensity peaks) or multiple 

alignment directions (20:1; four high-intensity peaks).  These results were in contrast 

to a similar study conducted by Qiang et al. in which higher elastomer-to-curing agent 

ratios produced both better alignment and higher degrees of order in AFM images of 

films subjected to SVA-SS.31  The inconsistency likely was a result of the differences 

in analysis area between neutron scattering and AFM.  A single alignment direction 

and limited defects (S > 0.75 for all samples) were suggested from AFM images in 

Figure 5.4 (2 µm x 2 µm images captured after SVA-SS with 10:1, 15:1, or 20:1).  

However, with the larger, more representative area analyzed with SANS, it was 

determined that drying fronts developed at each corner of the 15:1 and 20:1 PDMS 

pads.  These drying fronts propagated inward and competed to create multiple 

orientation directions throughout the film.  PDMS pads at 5:1 and 10:1 ratios had one 

drying front that propagated from one corner in the direction of the opposite corner to 

generate a single alignment direction across the film. 

To demonstrate the effect of multiple drying fronts, an AFM analysis of the 

films subjected to SVA-SS with a 20:1 PDMS pad is presented in Figure 5.5.  Images 

from each corner of the film revealed one of two competing directions as suggested by 
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the SANS analysis.  The middle of the film had limited directionality or ordering.  The 

orthogonal alignment directions indicated that a drying front propagated from each 

corner of the PDMS, as expected from mass transfer principles, highly swollen films, 

and slow deswell rates.25  In the middle of the PDMS, opposing shear directions 

created a zero shear field that inhibited nanostructure alignment. 

 

Figure 5.5: AFM phase images captured at each corner and the middle of the dSIdS 
film, which visually indicated the direction of nanostructure alignment 
throughout the film after SVA-SS with a 20:1 elastomer-to-curing agent 
PDMS pad.  No alignment was detected in the middle of the film.  The 
scale bar represents 250 nm and applies to all AFM images.41 
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5.3.3 Controlling Alignment Drying Fronts 

Although the higher elastomeric ratios were more beneficial because they were 

associated with better domain ordering, the creation of multiple drying fronts 

eliminates the desirable domain directionality across the film.  Therefore, methods to 

control the propagation of drying fronts in highly swollen PDMS pads (15:1 and 20:1 

elastomer-to-curing agent ratios) were investigated. 

5.3.3.1 Drying Rate Effects 

The influences of changes to the drying front propagation by altering the 

deswell nitrogen flow rates from 3 mL/min (slowest deswell) to 5 mL/min to 

7 mL/min (fastest deswell) were examined.  Key results are displayed in Figure 5.6.  

Azimuthally averaged profiles at all deswell conditions had second order peaks (peaks 

marked by yellow arrows); however, the annularly averaged profiles indicated 

significant differences between the samples.  More specifically, at 3 mL/min, 5 

mL/min, and 7 mL/min, four-peak, two-peak, and zero-peak annular patterns, 

respectively, were present in the SANS data (see peaks marked by blue arrows in 

Figure 5.6). 
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Figure 5.6: SANS scattering data (first row) of dSIdS films after SVA-SS with 
different nitrogen flow rates used to deswell the film (3 mL/min [slowest 
deswell], 5 mL/min, and 7 mL/min [fastest deswell]).  A second order 
peak in azimuthally averaged SANS patterns (second row) was present at 
all nitrogen flow rates (peaks marked by yellow arrows).  However, an 
increase in the nitrogen flow (from 3 mL/min to 5 mL/min) led to a 
change from two alignment directions (four-peak annular pattern [third 
row]; peaks marked by blue arrows) to a single alignment direction (two-
peak annular pattern).  With a 7 mL/min nitrogen flow during deswell, 
only low-intensity annular peaks were measured.  The 3 mL/min, 5 
mL/min, and 7 mL/min flow rates and dimensions of the SVA chamber 
were used to calculate τCSTR values of 0.51 min, 0.30 min, and 0.22 min, 
respectively.  Error bars represent one standard deviation from the 
measured intensity and were calculated during data reduction.41 
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The presence of second order peaks at all nitrogen flow rates suggested that the 

change in deswell rate had little affect on the domain ordering.  However, the change 

in annular peaks indicated the alignment direction(s) of domains was the result of 

shear fields during drying.  Slow deswell rates (3 mL/min) generated multiple, 

competing alignment directions (four-peak annular pattern) as discussed previously.  

Fast dewell rates (7 mL/min) produced signifying less defined domain directions 

(zero-peak annular pattern).  The faster removal of solvent from the film limited 

reorientation times and kinetically trapped the nanostructures, which prevented the 

alignment of domains.31  At 5 mL/min, a single drying front aligned nanostructures 

(two-peak pattern) before a second front was created.  Characteristic τCSTR values for 

the SVA chamber and the three diluent nitrogen flow rates were calculated as 0.51 min 

(3 mL/min), 0.30 min (5 mL/min), and 0.22 min (7 mL/min).  The residence times 

provided a relative estimate of the time needed to deswell the film.  Notably, the 

change in τCSTR for the 5 mL/min and 7 mL/min nitrogen flow rates was only 0.08 min.  

This small difference suggested that modulating deswell speeds is not a robust method 

to control domain directionality. 

5.3.3.2 Gradient Thickness Polydimethylsiloxane Pads 

Using the information above, gradient thickness PDMS pads were created for 

‘hands-off’ shear control, which regulated the drying rate and the alignment of the 

nanostructures.  SANS scattering data obtained from SVA-SS processed with uniform 

thickness and 2° gradient thickness PDMS pads are compared in Figure 5.7.  The films 

and PDMS pads were swollen for 6 h with a 10 mL/min toluene-rich nitrogen stream 

before deswelling with a 3 mL/min diluent nitrogen stream. 
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Figure 5.7: Comparison of SANS scattering data for dSIdS films exposed to the 
same SVA-SS conditions but with uniform thickness or 2° gradient 
thickness 20:1 elastomer-to-curing agent ratio PDMS pads.  SANS data 
obtained post SVA-SS after the PDMS pad was removed.  S values of 
0.74 and 0.81 were calculated from annularly averaged intensity profiles 
(not shown) with uniform and gradient thickness PDMS pads, 
respectively.41 

The thickness gradient of the PDMS pads across the sample directed the drying 

front from the thin side to the thick side and reduced the development of multiple 

drying fronts in more swollen PDMS pads (see also Figures 5.5 and 5.6).  This effect 

resulted in a 10% increase in S calculated from annularly averaged intensity profiles 

from 0.74 (uniform thickness PDMS) to 0.81 (gradient thickness PDMS), and domains 

oriented in a single direction across the film as noted in complementary AFM images 

of the shear-aligned nanostructures (see Appendix C, Figure C.4).  Furthermore, the 

use of low elasticity PDMS (20:1 ratio) generated significant shear forces that induced 

chain mixing and nanostructure disordering to maximize domain ordering upon 

solvent removal and nanostructure coalescence (see also Figures 5.1, 5.2, and 5.3).  

Therefore, both domain ordering and directionality, which are competing processes 

according to Figure 5.4, were improved with gradient thickness PDMS.  Hence, the 
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use of gradient thickness PDMS pads adds new avenues for directing BP thin film 

self-assembly with SVA-SS that can be exploited to generate domain patterns with 

high directionality and low defect densities in a more robust manner. 

5.4 Shear-Alignment during Casting 

Although the alignment times of SVA-SS (s – min) are considered reasonable 

for industrial application, the alignment, and any post-thermal annealing, adds 

processing steps to film production (i.e., casting, annealing, aligning, post-processing).  

Ideally, different steps should be combined to reduce production times and resources.  

Therefore, casting and shear-alignment procedures were combined into a technique 

called shear casting to create a continuous, high-throughput method to generate 

aligned domains in nanostructured thin films.36  Experimentation with different casting 

conditions (e.g., casting solutions, casting speeds, post-processing methods) and shear 

casting setups discussed in this section was accomplished with assistance from John 

Saltwick. 

Shear casting was conducted using the setup shown in Figure 5.8.  The shear 

casting procedure started with a traditional flow coater motor stage35 (substrate placed 

on top) and rigid casting blade (e.g., glass).  Then, a flexible blade (e.g., PDMS) was 

added to the process.  The flexible blade trailed the casting blade during movement of 

the motor stage and was angled such that it contacted the substrate with a downward 

force that mirrored the force provided by weights in the literature.14  During shear 

casting, a polymer solution was deposited between the rigid blade and substrate 

surface, and the motor stage was drawn under the rigid blade to cast the film.  A 

solvent evaporation front developed as the polymer solution was deposited on the 

substrate.  The flexible blade dragged across the film surface to generate a shear force 
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that aligned the nanostructures in the direction of casting provided there was sufficient 

solvent in the film to promote chain mobility.  Although the components in the shear 

casting setup (i.e., moving stage/substrate, rigid casting blade, flexible shearing blade, 

polymer solution) are consistent, specifics of the setup can vary, which makes this 

process adaptable for industrial needs.  Examples of different shear casting setups are 

shown in Appendix C, Figures C.5 to C.7. 

 

Figure 5.8: Illustration of shear casting setup (side view) with motorized stage 
(substrate placed on top of stage), glass casting blade, and flexible PDMS 
blade.  The polymer solution is deposited on the substrate as the substrate 
is drawn beneath the glass blade.  A solvent evaporation front develops 
as the polymer solution is deposited.  To induce a shear force, the flexible 
blade drags across the drying film at a distance at which there is enough 
solvent to promote chain mobility.  Image courtesy of John Saltwick. 

Shear casting exploited a combination of hard and soft shear strategies to 

generate aligned nanostructures in a single step.  The flexible blade manually 

displaced across the film in direct contact with the cast film produced a shear force 

(hard shear) that directed alignment and ordering.  However, solvent swelling of the 

film (commonly employed in soft shear)25, 31 produced the necessary chain mobility to 

align the nanostructures.  The combination of manual displacement to generate shear 
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and solvent swelling to provide chain mobility required precise control over the 

concentration of solvent in the film (decreased with time from solvent evaporation) 

during shearing.  If two little solvent was present, the polymer chains did not have the 

mobility to realign nanostructures.  If too much solvent was present, the film was 

lifted from the substrate surface by the flexible blade, as shown in Appendix C, 

Figure C.8. 

To adjust the concentration of solvent in the film at the point when the flexible 

blade comes in contact with the film, two parameters were varied: the solvent 

evaporation rate and the casting speed.  Slowing the evaporation rate of the solvent 

broadened the window of time in which the flexible blade could shear the film at the 

appropriate solvent concentration, but decreasing the evaporation rate too much 

slowed the overall process to the point that it was no longer advantageous to combine 

the casting and alignment steps.  Therefore, the drying times of mixtures of THF 

(boiling point [TBP] = 66 °C)49 and o-xylene (TBP = 144 °C)50 were tested, as shown in 

Appendix C, Figure C.9, and a 5:95 o-xylene:THF (mass%:mass%) solution 

composition was selected.  The fast-drying THF evaporated before the flexible blade 

dragged across the film, and the slow-drying o-xylene remained at a concentration 

sufficient to promote chain ordering with more limited film removal.  Different casting 

speeds were tested with this solvent mixture to find the window in which domains 

were aligned with limited film damage.  AFM images of SIS thin films flow coated 

(no shear) and shear cast from 5:95 o-xylene:THF solutions at different casting speeds 

are shown in Figure 5.9.  Films produced via shear casting were thermally annealed at 

130 °C for 2 h to improve the ordering of domains as discussed in recent literature.43 
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Figure 5.9: AFM images of SIS thin films flow coated (as cast; top row) and shear 
cast (middle row) from polymer solutions with 5:95 o-xylene:THF 
(mass%:mass%) solvent mixtures.  Shear cast films were thermally 
annealed after casting (bottom row) to improve nanostructure ordering 
and increase grain sizes.  Image courtesy of John Saltwick. 

From Figure 5.9, shear casting resulted in more aligned domains than flow 

coated (as-cast) films at the same casting conditions when the speed was greater than 

3.5 mm/s.  The alignment of domains appeared to improve with casting speed, but 

higher speeds also produced more film damage.  Notably, shear casting did not always 

create continuous grains in the films; trapped defects were present in AFM images that 

decreased grain sizes.  Thermal annealing after shear casting appeared to improve 

grain sizes and help remove trapped defects; the average S for shear-cast samples was 

≈0.40, which improved to ≈0.88 after thermal annealing.  This effect likely was the 

result of latent shear forces in the film that induced an alignment direction but did not 

have the time to orient all the domains.43  Although promising results have been 
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achieved with shear casting, significant future work will be needed to improve 

alignment and ordering parameters, increase grain sizes, and reduce film damage as 

discussed in Chapter 7, Section 7.2.2.  

5.5 Conclusions 

In this chapter, in situ SANS during toluene SVA-SS was used to monitor 

kinetic pathways of nanostructure alignment in BP thin films.  It was determined that 

as PDMS pad swelled above the film in the presence of solvent vapor, chain mixing 

and nanostructure disordering induced by shear fields reduced scattering intensities of 

the primary peak.  Deswelling of the PDMS pad precipitated the formation of small 

grains, with reduced entropic penalties for alignment, which induced nanostructure 

orientation in the direction of the drying front and coalescence into large grains as 

solvent was removed, without the kinetic trapping of a large number of defects.  Well-

ordered and aligned nanostructures did not develop if sufficient chain mixing and 

domain disordering were not achieved during solvent swelling.  Furthermore, more 

swollen PDMS pads, which produced larger shear forces, generated more ordered 

structures but reduced directional uniformity unless the drying front was controlled 

through careful tuning of the drying rate.  To overcome this challenge, gradient 

thickness PDMS pads were incorporated to dictate the drying front propagation 

direction in a ‘hands-off’ manner, thus producing films with enhanced nanostructure 

directionality and ordering.  The insight gained from these experiments was applied to 

the development of a novel film casting technique that simultaneously cast and shear-

aligned domains in a continuous process amenable to high-throughput film production.  

Overall, the work in this chapter has helped develop translatable strategies to align 

nanostructures and maintain domain ordering with SVA-SS, and has advanced 
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understanding of universal, ‘programmable’, and high-throughput patterning methods 

for nanostructured thin films. 
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QUANTIFICATION OF SALT DISTRIBUTIONS IN BLOCK POLYMER 
ELECTROLYTE THIN FILMS 

The use of neutron reflectometry (NR) to investigate the distribution of lithium 

salts in ion-conducting poly(styrene-b-oligo[oxyethylene] methacrylate) (PS-POEM) 

block polymer (BP) thin films in a high-resolution, non-destructive manner is 

discussed in this chapter.  The quantification of lithium salt distributions within BP 

domains is considered challenging by conventional X-ray scattering or electron 

microscopy techniques, but neutron scattering contrast between PS, POEM, and three 

different lithium salts of interest, lithium trifluoromethanesulfonate (Li triflate), 

lithium bistrifluoromethanesulfonimidate (LiTFSI), and lithium perchlorate (Li 

perchlorate), was ideal to determine that the salt mixed evenly within the POEM 

layers (i.e., the salt to POEM concentration was constant through the POEM layers).  

The results from this section provide details of ion-mobility pathways through BP 

lithium ion battery membranes that can be used to improve future BP electrolyte 

membrane systems.  Furthermore, the techniques demonstrated in this chapter can be 

applied to study a variety of additive distribution profiles (i.e., salts, nanoparticles, 

homopolymer, metal precursors) in nanostructured thin films to progress research and 

expand applications of hierarchical materials.  Text and figures are reproduced or 

adapted with permission from Gartner, T. E., III, Morris, M. A., Shelton, C. K., Dura, 

J. A., and Epps, T. H., III, in preparation. 

Chapter 6 
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6.1 Introduction 

BP thin films composed of one ion-solvating block (e.g. poly[ethylene oxide] 

[PEO]) and one rigid, non-conducting block (e.g. polystyrene [PS]) have received 

significant attention for rechargeable battery membrane applications due to high 

thermal, mechanical, and electrochemical stabilities in comparison to traditional 

electrolyte systems.1  The ion-conducting block typically is complexed with a metal 

salt to develop conducting pathways, while the non-conducting block provides 

stability and resists dendrite formations.2-4  To design battery systems with BPs that 

improve ion conductivity and mechanical properties simultaneously, studies have 

focused on the relationship between these properties and morphological effects.5-9  

Although the correlation between mechanical properties and morphological effects is 

well-understood,10, 11 the link between ionic conductivities and morphology is more 

complicated.12  For example, Panday et al. investigated PS-PEO lamellar systems 

doped with lithium salt and determined that ion conductivity increased with increasing 

molecular weight of the PEO block (Mn,PEO = 7 – 98 kg/mol).4  However, this result is 

in contrast to homopolymer electrolyte and low molecular weight BP (Mn,PEO = 1.5 – 7 

kg/mol) systems in which a decrease in ion conductivity with increasing Mn,PEO is 

measured.13, 14  The difference in ion conductivity trends suggests there are variations 

in the local ion distributions within polymer systems that must be understood to 

improve BP battery designs. 

The distribution of lithium salts within ion-conducting BP thin films has been 

measured with energy-filtered transmission electron microscopy (EFTEM) and X-ray 

photoelectron spectroscopy (XPS) with conflicting results.12, 15  Using EFTEM, 

Gomez et al. determined LiTFSI was localized in the middle of PEO domains within a 

PS-PEO BP due to local stress fields, modeled with self-consistent field theory 
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(SCFT) in salt free systems, that prevented PEO chains from coordinating with lithium 

cations near PS-PEO interfaces.15  However, quantifying salt distribution was difficult 

with EFTEM as the small concentrations of lithium in the domains generated minimal 

contrast for analysis.  To probe lithium ion distribution in a more robust manner, 

Gilbert et al. conducted XPS investigations and identified an even distribution of 

lithium salt throughout the ion-conducting domains in PS-POEM thin films (i.e., the 

concentration of lithium salt was correlated directly to the concentration of POEM).12  

This work was in agreement with salt-doping SCFT models produced by Nakamura 

and Wang that calculated uniform distributions of salt within PEO domains, which 

suggested that factors such as electrostatic potential and local solvation energy also 

effect lithium salt distributions and ion-mobility pathways.16  However, the destruction 

of PS and POEM layers during XPS also limited salt distribution resolution, especially 

as more layers were removed. 

To overcome inherent limitations in previous lithium salt distribution studies, 

this chapter describes NR experiments conducted to probe lamellar-forming PS-

POEM diblock copolymer thin films doped with three different lithium salts (LiTFSI, 

Li triflate, and Li perchlorate) at varying concentrations.  This chapter provides the 

first high-resolution, non-destructive analysis of salt segregation profiles in ion-

conducting BPs by exploiting contrast from PS, POEM, and each lithium salt.  The 

natural contrast between PS (ρPS = 1.41 x 10-6 Å-2) and POEM (ρPOEM = 0.78 x 10-6 Å-

2) paired with higher scattering length densities from each lithium salt (ρLiTFSI = 

3.55 x 10-6 Å-2; ρLi triflate = 3.08 x 10-6 Å-2; ρLi perchlorate = 4.23 x 10-6 Å-2) in comparison 

to the BP domains permitted a quantitative and robust analysis described in this 

chapter.17  NR measurements of neat and salt-doped PS-POEM films indicated lithium 
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ions were distributed evenly (i.e., salt concentrations were correlated evenly with 

POEM concentrations) throughout the POEM domains, which has significant 

implications on ion-mobility pathways during charge and discharge cycles and the 

design of next-generation lithium ion BP battery membranes. 

6.2 Materials and Methods 

6.2.1 Preparation of Salt-Doped Polymer Electrolyte Solutions and Films 

The PS-POEM diblock copolymer used in this chapter (Mn = 54 kg/mol; block 

volume fractions: fS = 0.50, fOEM = 0.50; 8.5 PEO repeats in monomer side-chain, 

lamellae nanostructure) was synthesized (courtesy of Melody Morris) via an atom 

transfer radical polymerization method described in the literature.12  The polymer was 

characterized by size exclusion chromatography (Viscotek, GPCmax WE-2001) and 

proton nuclear magnetic resonance spectroscopy (Bruker, AVX400).  The dry PS-

POEM was synthesized under an argon atmosphere and stored in an argon glovebox to 

limit exposure to water vapor.  The three lithium salts (LiTFSI, Li triflate, and Li 

perchlorate) were purchased from Sigma Aldrich.  Due to the hygroscopic nature of 

the lithium salts, each salt was sealed in a vacuum chamber, dried under dynamic 

vacuum for a minimum of 24 h, and transferred, under static vacuum, to an argon 

glove box for storage. 

Tetrahydrofuran (THF; argon-purged and further dried by passage through two 

neutral alumina columns) solutions of neat PS-POEM and lithium salt-doped PS-

POEM were made in an argon glovebox.  Lithium salt concentrations (ether oxygen to 

lithium cation molar ratios [EO]:[Li]) of 45:1, 22:1, and 11:1 were used in this 

chapter.  Anhydrous methanol (99.8%, Sigma Aldrich) was added to the salt-doped 
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solutions (≈30 wt% total solution) to help dissolve the polymer-salt complex prior to 

film casting. 

Uniform and gradient thickness PS-POEM films (with and without lithium 

salt) were fabricated via flow coating18 onto toluene-rinsed and ultraviolet ozone 

treated silicon wafers.  Films were thermally annealed under vacuum at 135 °C for 6 h 

to promote the formation of parallel lamellae nanostructures, as illustrated in Figure 

6.1.12  After annealing, film thickness was measured every 5 mm along the length of 

the film (total of 13 measurements across a 70 mm film) using a spectral reflectometer 

(Filmetrics, F20-UV).  Commensurate thicknesses (i.e., thicknesses at which island 

and hole formations did not develop) were noted on gradient thickness films to 

determine how thick to cast uniform thickness films.  For the neat and salt-doped 

films, uniform thickness films for NR were cast at commensurate thicknesses equal to 

3.5 domain spacings (L0; asymmetric wetting behavior). 

 

Figure 6.1: Schematic of the procedure to generate lamellar-forming, salt-doped PS-
POEM thin films.  Reprinted with permission from Gilbert, J. B. et al. 
ACS Nano 2014, 9, 512-520, Copyright 2014 American Chemical 
Society.12 

6.2.2 Neutron Reflectometry of Salt-Doped Polymer Films 

NR experiments were conducted using the multi-angle grazing-incidence k-

vector (MAGIK) instrument at the National Institute of Standards and Technology 



 185 

(NIST) Center for Neutron Research (NCNR).  Neutrons with an incident wavelength 

of 5 Å were directed at 64 mm long, 25 mm wide PS-POEM films with uniform 

thicknesses (ranging from 100 nm to 180 nm depending on the salt and salt 

concentration; 3.5 L0 total for all samples).  For each sample, Qz scans from 0 Å-1 to 

0.0877 Å-1 with a step size of 0.0004 Å-1 were recorded.  Resulting reflectometry 

profiles were reduced using reflred software and analyzed with repeating lamellae 

models in reflfit and refl1D software programs.19  These modeling programs also were 

used to generate predictive fits prior to NR.  Films were held in the neutron beam at 

reflectivity geometries using an aluminum sample holder and elastic clamps, as shown 

in Figure 6.2.  The elastic clamps secured the film with minimal force in comparison 

to metal clamps to reduce warping of the silicon substrates.  A borated aluminum 

mask was placed between the neutron source and films to prevent neutrons from 

scattering off the holder, clamp, and portions of the silicon wafers not coated with 

films. 
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Figure 6.2: Illustration of NR setup for measuring lithium salt distributions in PS-
POEM films.  Neutrons were directed at PS-POEM films held in 
reflectivity geometries via an aluminum sample holder and elastic 
clamps.  Scattering from the uncoated silicon wafers, sample holder, and 
clamp was prevented through the addition of a borated aluminum mask 
between the neutron source and the samples.20 

6.3 Lithium Salt Distribution from Neutron Reflectometry 

The higher ρ values of the LiTFSI (ρLiTFSI = 3.55 x 10-6 Å-2), Li triflate 

(ρLi triflate = 3.08 x 10-6 Å-2), and Li perchlorate (ρLi perchlorate = 4.23 x 10-6 Å-2) in 

comparison to PS (ρPS = 1.41 x 10-6 Å-2) and POEM (ρPOEM = 0.78 x 10-6 Å-2) was 

exploited to track the salt distributions in the film at four different salt ratios (neat and 

[EO]:[Li] = 45:1, 22:1, or 11:1).17  The diffusion of each lithium salt into the POEM 

domain increased the ρPOEM/salt of that layer in a predictable manner, as shown in 

Figure 6.3.  The ρPOEM/salt values were calculated using salt concentration (φsalt 

[vol%]), the ideal mixing assumption, and Equation 6.1. 

 ρPOEM /salt = ρPOEM 1− φsalt
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Figure 6.3: Plot of POEM domain ρ values (ρPOEM/salt) at different salt concentrations 
(vol%) with LiTFSI, Li triflate, and Li perchlorate salts.  At salt 
concentrations of 23 vol% (LiTFSI), 28 vol% (Li triflate), and 18 vol% 
(Li perchlorate), the POEM domain is contrast matched with the PS 
domain (ρPS = 1.41 x 10-6 Å-2; black dotted line).20 

At a specific concentration of salt (intersection between each salt line with the 

horizontal ρPS line), the ρPOEM/salt is equal to the ρPS and contrast matching is achieved.  

The neutrons are unable to distinguish between PS and POEM layers at the contrast 

match point, which results in two possible scattering profiles that define the salt 

distribution within the film, as shown in Figure 6.4.  If the salt is evenly distributed 

within the POEM layers (Figure 6.4a), neutrons will reflect off the top of the film and 

the substrate only (i.e., no multilayer structure will be measured).  The resulting NR 

profile will contain Kiessig fringes (related to film thickness) but no Bragg peaks 

(related to the presence of multilayers).  If the salt is localized to the middle of the 

POEM layers (Figure 6.4b), neutrons will reflect off the top of the film, the substrate, 

each PS/POEM interface, and at the regions of high vs. low salt concentrations in the 

middle of the POEM domains.  The resulting NR profile will contain Kiessig fringes 

and Bragg peaks.  Furthermore, the Bragg peaks are different than neat samples 
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(Appendix D, Figure D.1) due to the high ρPOEM/salt layer at the middle of POEM 

domains that changes the multilayer profile.  Similar reflectivity profiles with large 

differences in Bragg peak size and location are not achievable with X-rays and 

demonstrate the advantage of neutron scattering to measure additive distributions in 

thin films. 

 

Figure 6.4: PS-POEM films doped with lithium salt as viewed by neutrons at the PS-
POEM contrast match point (top row; blue = ρ of POEM; red = ρ of PS) 
along with predictive ρ (middle row) and reflectometry (bottom row) 
profiles.  Even distributions of salt within the POEM layers (a) resulted 
in reflectivity profiles with no Bragg peaks.  Central localization of the 
salt within the POEM layers (b) resulted in multiple Bragg peaks 
(highlighted by yellow arrows).  Depths were normalized such that 0.00 
was the free surface and 1.00 was the substrate surface.20 
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Measured NR profiles of PS-POEM films without salt (neat) and doped with 

[EO]:[Li] ratios of 45:1, 22:1, and 11:1 (black data points) were collected on the 

MAGIK reflectometer, as shown in Figure 6.5.  As the salt concentration increased, 

the Bragg peak locations shifted to lower Qz and the space between Bragg peaks 

decreased.  Furthermore, the intensity of the Bragg peaks relative to the Kiessig 

fringes decreased as salt concentration increased.  Bragg peaks were not present in PS-

POEM films doped with an [EO]:[LiTFSI] ratio of 11:1.  Each profile was fit with a 

multilayer model (red lines) developed with NCNR fitting software.19  A more in-

depth analysis of the model fits for Li triflate and Li perchlorate systems is shown in 

Appendix D, Figures D.2-D.3. 
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Figure 6.5: NR profiles (black data points) and model fits (red lines) of neat PS-
POEM films (top profiles) and films doped with (a) LiTFSI, (b) Li 
triflate, and (c) Li perchlorate salts at [EO]:[Li] ratios of 45:1, 22:1, and 
11:1.  Bragg peaks (highlighted with yellow arrows) shifted to smaller Qz 
values and decreased in intensity relative to the rest of the NR profile as 
salt concentration increased (from top to bottom profiles).  Bragg peaks 
were not present in films doped with an 11:1 [EO]:[LiTFSI] ratio.  Error 
bars represent one standard deviation from the measured intensity and 
were calculated during data reduction.20 

The shifting Bragg peak locations and intensities in NR profiles indicated that 

the salt segregated into the ion-solvating POEM block preferentially, which swelled 

the POEM layers and decreased the contrast between PS and POEM domains in the 

film.  Evidence of an even distribution of salt in all samples was noted with the lack of 

secondary Bragg peaks related to lower ρ values at PS-POEM interfaces if the salt 

localized in the center of the POEM layers as shown in Figure 6.4b.  Furthermore, the 



 191 

lack of Bragg peaks in the 11:1 LiTFSI sample strongly suggested that the salt 

distributed evenly within the POEM domains as shown in Figure 6.4a.  Contrast match 

points were not reached with Li triflate and Li perchlorate samples for two reasons: (1) 

the Li triflate had a lower ρ value than LiTFSI, so higher salt doping levels would be 

needed, and (2) the Li perchlorate is smaller (by volume) than LiTFSI, so POEM 

domains at the same [EO]:[Li] ratio contained less Li perchlorate by volume (i.e., less 

influence on scattering).  From ρPOEM/salt calculations (see Appendix D, Section D.1), 

the contrast match point was expected at LiTFSI, Li triflate, and Li perchlorate 

[EO]:[Li] ratios of 13:1, 6:1, and 5:1, respectively.  Fit and calculated ρPOEM/salt values 

for the different salts and salt concentrations are show in in Figure 6.6.  Ideal mixing 

was assumed for the calculated ρPOEM/salt values.  Good agreement between the 

ρPOEM/salt values was noted for all samples, which helped validate the models used to 

fit to the data and extract the salt distribution profiles. 
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Figure 6.6: Fit (solid circles) vs. calculated (empty circles) ρPOEM/salt values for 
POEM domains doped with Li perchlorate (top row), Li triflate (middle 
row), and LiTFSI (bottom row).  Calculated ρPOEM/salt values were 
determined with the ideal mixing assumption.  Error bars were calculated 
as the standard deviation between every ρPOEM/salt value (i.e., each layer) 
in the film.20 
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To examine the distribution of salt within the films further, lamellar model fits to 

the PS-POEM films doped with LiTFSI were tested, as shown in Figure 6.7.  The film 

depth was normalized from 0.0 (free surface) to 1.0 (substrate surface) to account for 

the change in total film thickness to accommodate 3.5L0 at each salt concentration as 

the POEM domains swelled with salt.  In the ρ profiles, the ρPS values were 

maintained at the approximate value of neat PS (i.e., the salt does not penetrate the PS 

domains).  However, the ρPOEM/salt values increased with salt concentration due to 

solvation with the lithium ions.  At an [EO]:[Li] of 11:1, the model fits indicated that 

the salt concentration was sufficient to raise the ρPOEM/salt values to ρPS, which resulted 

in the disappearance of Bragg peaks in the NR profiles.  Therefore, the model fits 

match the predicted profiles for an even distribution of salt within the POEM domains.  

Notably, the salt concentration also appeared to deviate between POEM layers from 

the substrate surface to the free surface.  Higher ρPOEM/salt values were modeled for 

POEM layers closer to the substrate surface, and a higher free surface ρ value was 

measured in many samples.  The increase in salt concentration from the free to 

substrate surface was likely caused by the hydrophilicity of the silicon substrate.  The 

lithium salts were highly hygroscopic and possibly segregated preferentially towards 

the polar silicon substrate, which resulted in a gradient in salt concentration through 

the film.  The higher ρ value at the free surface was likely caused by lithium salt 

diffusing out of the film during thermal annealing to relieve polymer chain stresses 

when too much salt is present.  Similar effects have been discussed in literature for 

PS-PEO films.21 
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Figure 6.7: NR profiles (black data points) and model fits (red lines) for neat PS-
POEM films and films doped with LiTFSI at 45:1, 22:1, and 11:1 
[EO]:[Li] ratios (left side; profiles from Figure 6.5), and ρ profiles as a 
function of film depth (right side; normalized from 0.0 [free surface] to 
1.0 [substrate surface]).  As the salt concentration in the film was 
increased, the ρPOEM/salt values increased towards ρPS until a contrast 
match point (ρPOEM/salt = ρPS) was achieved at approximately 
[EO]:[Li] = 11:1.  Bragg peaks (highlighted by yellow arrows) in the NR 
profiles were not present at an 11:1 ratio.  Furthermore, ρ models 
indicated a change in salt concentration in POEM layers from the free to 
substrate surface.  Error bars in NR profiles represent one standard 
deviation from the measured intensity and were calculated during data 
reduction.20 

6.4 Conclusions 

In this chapter, a quantitative analysis of lithium salt distribution in PS-POEM 

films was conducted with NR.  The agreement between measured NR and fit ρ 

profiles of lithium salt-doped PS-POEM films strongly suggested the lithium salts 

studied (LiTFSI, Li triflate, and Li perchlorate) all distributed evenly within POEM 

domains throughout the film.  Furthermore, the measured results matched well with 
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predictive model profiles for uniform distributions of lithium salts; namely, Bragg 

peaks disappeared or secondary Bragg peaks related to the lower ρ values at the PS-

POEM interfaces were not present in all samples tested.  Although an even 

distribution of LiTFSI within PS-POEM domains is in contrast to the EFTEM work on 

PS-PEO of Gomez et al. discussed in Section 6.1, the difference is likely the result of 

increased resolution achieved with NR.  The NR profiles were the result of ρ profiles 

in the film rather than concentration profiles, so even though the salt and polymer 

concentration decreased at the interface (and significant contrast was not achievable 

with EFTEM), NR measured the relative concentration, which remained constant 

through the POEM domains.  The ρ profiles also identified an increase in salt 

concentration at the free and substrate surfaces, which suggested thin film 

confinement effects must be accounted for to understand BP thin films for battery 

membrane applications.  Furthermore, the use of NR improved upon more recent 

measurements conducted with XPS by incorporating a nondestructive technique in the 

measurement process.  Thus, this chapter provides the first high-resolution, non-

destructive analysis of lithium ion distributions in BP electrolyte thin films, which 

cannot be achieved easily with X-ray or microscopy tools.  The results from this 

chapter have immediate impact in energy research as they help define ion mobility 

pathways through ion-conducting domains in BPs, which must be understood to 

develop more efficient lithium ion batteries, and provide a more robust analysis tool to 

measure additive distributions (e.g., salts, homopolymers, nanoparticles, metal 

precursors) in nanostructured thin films for emerging research and applications. 
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CONCLUSIONS AND FUTURE WORK 

7.1 Dissertation Summary 

The potential use of block polymer (BP) thin films for next-generation 

nanolithography, nanotemplating, nanoporous membrane, organic optoelectronics, and 

electrolyte battery membranes applications has garnered significant attention in recent 

years.1-5  The self-assembly of BP nanostructures into periodic arrays combined with 

the diverse and tunable chemistries, architectures, size-scales, and morphologies 

provides enormous potential for emerging nanotechnologies.6  However, the universal 

directed self-assembly of BP nanostructures into patterned arrays with low defect 

densities continues to be plagued by limited understanding of self-assembly kinetics 

and thermodynamics, high cost (both monetary and time) annealing procedures, and 

narrow efficacy among BP systems.7-9  In this dissertation, noteworthy efforts to 

predict and manipulate thin film confinement interactions to control nanostructure 

orientation and ordering (Chapter 3), understand the interplay between kinetics and 

thermodynamics of solvent vapor annealing (SVA), with and without shear-alignment, 

parameters to develop optimized annealing protocols and techniques (Chapters 4 and 

5), and probe the influence of lithium ion distributions in BP electrolyte films (Chapter 

6) were discussed to enhance the feasibility of industrial-scale use of BP thin films. 

Chapter 7 
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7.1.1 Substrate Modification for Through-Film Order and Orientation Control 

BP thin film self-assembly is influenced strongly by substrate surface 

interactions that can dictate substrate-polymer wetting behavior and commensurability 

conditions,1, 10, 11, domain orientation,12-14 nanostructure ordering,10, 15, 16 

morphology,17 and through-film uniformity.18-21  In Chapter 3, surface modification 

with a suite of chlorosilanes was used to determine how the substrate-polymer 

interactions can be manipulated to direct self-assembly for the desired applications.  

Specific focus was given to the interplay between individual dispersive and polar 

interactions of the total surface energy and whether or not the total surface energy 

needed to be decoupled to predict the substrate effects on self-assembly accurately.  

The different functionalities of the chlorosilane monolayers (e.g., aromatic ring, 

methacrylate group, hydrocarbon chain, acetyl group) produced a variety of total 

surface energies and dispersive and polar components for improved investigation of 

surface energy effects.  Studying the difference between total and decoupled surface 

energy equations was made possible by judicious choice of the poly(methyl 

methacrylate-b-n-butyl methacrylate) (PMMA-PnBA) BP, which had two blocks with 

similar dispersive and different total and polar interactions. 

Island and hole formations caused by energetically unfavorable chain 

stretching and compression at incommensurate film thicknesses were studied with 

optical microscopy (OM) for high-throughput analysis.  Although OM could not 

provide nanoscale details of the response in self-assembly to different surface 

interactions, OM was used to monitor and measure the surface features easier and 

faster than atomic force microscopy (AFM).  From OM, the thicknesses at which 

island and hole formations were and were not present and the size of the features 

indicated which polymer block was preferential for the substrate surface (i.e., wetting 
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behavior), how far the substrate-polymer interaction effects propagated through the 

film thickness, and the strength of the substrate-polymer interactions.  Each of these 

effects regulates self-assembly factors that dictate domain orientation and ordering in 

the film, and each must be controlled to produce the desired self-assembly for 

different applications.  

Predictive formalisms were developed to capture the effect of total, dispersive, 

and polar surface energy components of the substrate-polymer interactions on the 

resulting self-assembly.10, 18  Wetting behavior was predicted from short-range, 

repulsive total surface interactions.  The polymer block with the smallest interfacial 

energy with the substrate mitigated these repulsive interactions and segregated to the 

substrate surface.  The Hamaker constant was included in this analysis to ensure these 

repulsive interactions did not propagate through the film and destabilize the interface.  

The strength of the substrate-polymer influence on self-assembly, which can affect 

defect density, was dependent on total and decoupled surface energy components as 

both short-range, repulsive and long-range, attractive interactions are experienced 

beyond the substrate-polymer interface.  Larger interfacial energy differences created 

larger driving forces for self-assembly and more ordered structures in the film.  The 

propagation distance of the substrate surface effects was dependent solely on the long-

range, attractive interactions described by the decoupled surface energy components.  

Larger interfacial energy differences from dispersive and polar substrate-polymer 

interactions dominated competing free surface-polymer interactions at further film 

thicknesses and can be used to maintain a single orientation direction of domains 

through the film thickness.  Understanding how all these surface energy components 
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affect BP thin film self-assembly provides a more translatable approach to tune 

nanostructure ordering and orientation with chemically-tailored substrate surfaces. 

7.1.2 Nanostructure Reorganization Pathways during Solvent Vapor Annealing 
and Solvent Vapor Annealing with Soft Shear 

SVA is a powerful annealing technique that can manipulate polymer-polymer 

and surface-polymer interactions to regulate self-assembly without potential film 

damage from high annealing temperatures.22  The tunability afforded with SVA can be 

exploited to alter commensurability conditions,23-27 nanostructure morphology and 

characteristic length scales,23, 24, 28-34 and wetting behavior in industrially-feasible time 

scales (s – min).35-37  However, understanding how different solvent choices and 

annealing conditions affect the interplay between kinetics and thermodynamics of 

nanostructure reorganization is crucial to develop optimized annealing protocols 

universally among BP thin film systems. 

In Chapter 4, the swelling and deswelling of polymer domains in cylinder-

forming poly(styrene-b-isoprene-b-styrene) (SIS) films was tracked with neutron 

scattering to elucidate the importance of polymer-solvent interactions and kinetic 

trapping on morphological development during SVA.  The use of deuterated solvents 

in combination with non-deuterated polymer films permitted simultaneous monitoring 

of solvent diffusion and domain restructuring.  The change in scattering contrast at 

different swelling conditions indicated the solvent was segregating preferentially into 

the individual domains.  The quantified distribution of solvent was extracted from 

small-angle neutron scattering (SANS) experiments and was paired with changes to 

the BP thin film characteristic lengths obtained from neutron reflectometry (NR).  As 

the film swelled and deswelled, the number of cylindrical layers and the out-of-plane 
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layer spacing (Lz) adjusted to accommodate increases and decreases in film thickness.  

If the glassy polystyrene domains were swollen with enough solvent to lower the glass 

transition temperature (Tg) below room temperature, the number of layers changed and 

Lz stayed relatively constant.  The opposite was true if the Tg of the polystyrene was 

above room temperature, as the kinetically trapped polymer chains did not have 

mobility to alter the number of layers.  Instead, the individual layers were stretched or 

compressed to account for changes in film thickness from solvent addition and 

removal, respectively.  This analysis demonstrated the importance of controlled 

annealing conditions, which have significant implications on the size of domains, 

degree of ordering, and interfacial roughness.24 

More recently, SVA with soft shear (SVA-SS) has been used to direct domain 

restructuring in specific alignments.38-40  Polydimethylsiloxane (PDMS) pads placed 

on BP films induce shear forces during isotropic swelling and deswelling across the 

pinned film.  These shear forces align nanostructures in specific directions across large 

film areas with limited defects.  Furthermore, localized swelling and deswelling can be 

incorporated to control the alignment direction.41  SVA-SS has several advantages 

over current directed self-assembly strategies such as fewer and less expensive (i.e., 

lower capital costs) processing steps, shorter annealing times, and more universal BP 

system effectiveness. 

In Chapter 5, the SVA and shear mechanisms during SVA-SS were tuned to 

optimize directional alignment and defect annihilation by studying the kinetic 

pathways for nanostructure rearrangement with in situ SANS.  The PDMS pad was 

found to induce chain mixing and nanostructure disordering during swelling and the 

formation of small grains upon deswelling; small grains reduced the entropic penalties 
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for domains to coalesce into large grains.42  Therefore, higher degrees of swelling 

were ideal to produce the fewest entropic barriers for alignment.  The degree of 

swelling was manipulated by changing the solvent concentration exposed to the film 

and the elasticity of the PDMS.  More elastic PDMS did not swell as much as less 

elastic PDMS.  The deswell portion of the process required more control to achieve 

highly-aligned structures.  For very swollen films, longer deswell times induced 

multiple drying fronts in competing directions, and shorter deswell times did not 

provide sufficient shear forces for alignment.  Alignment in one direction occurred 

only if the drying rate was fast enough to prevent multiple drying fronts but slow 

enough to allow the shear forces to align domains.  This analysis led to the 

development of new SVA-SS annealing protocols that exploit gradient thickness 

PDMS pads to direct the drying front propagation across the PDMS in a more 

controlled fashion while maintaining the ordering achieved with high degrees of 

swelling.42 

Insight gained from this chapter was incorporated into the development of a 

single-step, continuous process to cast and shear-align BP thin film nanostructures.  

BP solutions were cast onto substrate surfaces and allowed to dry to generate BP thin 

films, but the domains were poorly ordered and the grain size was small in the as-cast 

film since kinetic trapping occurs quickly.  Therefore, shear forces across slightly 

solvent-swollen films immediately after casting were used to align domains in the 

direction of the shear force and increase grain sizes.  This technique was demonstrated 

with PDMS pads following glass casting blades in Chapter 5 and is translatable to 

industrial roll-to-roll processing for high-throughput generation of aligned 

nanostructures in BP thin films.43 
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7.1.3 Determination of Lithium Salt Distribution in Block Polymer Electrolyte 
Films 

One highly investigated application for BP thin films is electrolyte membranes 

for lithium ion battery applications due to their high mechanical, thermal, and 

electrochemical stability in comparison to traditional liquid or gel-like electrolyte 

systems.44  In these BP systems, one block in the BP is ion-conducting and complexed 

with a lithium salt, and the other block is mechanically stable to prevent dendrite 

formations that can lead to short circuits and explosions.  However, the conductivities 

of BP electrolyte membranes are significantly smaller than pure ion-conducting 

membranes.  Recent research has focused on increasing BP electrolyte conductivity by 

improving ion mobility pathways in the films through different chemistries, 

morphologies, and polymer-polymer interfacial interactions.45  One heavily debated 

topic related to these ion mobility pathways is how the salt distributes within the film, 

which affects how the lithium ions move through the film during charge and discharge 

cycles.  Previous literature investigating this topic has produced conflicting results and 

used destructive X-ray photoelectron spectroscopy (XPS) or low-resolution energy-

filtered transmission electron microscopy to measure the distribution.44, 46 

In Chapter 6, the first high-resolution, non-destructive analysis of lithium salt 

distribution in BP electrolyte films was presented.  NR was leveraged to measure 

scattering contrast between polystyrene (PS) domains, poly(oligo[oxyethylene] 

methacrylate) (POEM) domains, and three common lithium salts (lithium triflate, 

lithium bistrifluoromethanesulfonimidate, and lithium perchlorate).47  The scattering 

from the POEM was recorded as a function of salt concentration and film thickness to 

determine where the salt was localized in the film.  The results were more conclusive 

than previous measurements with energy filtered transmission electron microscopy 
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and X-ray photoelectron spectroscopy due to the significant scattering contrast 

between the lithium salts and BP domains, and they indicated an even distribution of 

salt in the film for all lithium salts and salt concentrations.  Thus, this analysis 

provided useful insights in the design of future BP electrolyte membranes with 

optimized parameters to exploit the ion mobility pathways throughout the entire ion-

conducting domains. 

7.1.4 Concluding Remarks 

Overall, several investigations were conducted in this dissertation to determine 

how BP thin film nanostructures self-assemble when subjected to different processing 

conditions and how that knowledge can be applied to generate more universal 

annealing strategies, direct the self-assembly of nanostructures, and create 

nanotechnology with more feasible time-scales, costs, and performance outputs.  The 

high-throughput substrate surface energy analysis in Chapter 3 indicated that 

substrate-polymer interactions can have large influences on BP thin film self-

assembly.  The development of predictive formalisms to control these interactions 

provides a promising approach to match the desired self-assembly with chemically-

tailored substrate modification.  The SVA study conducted in Chapter 4 clarified the 

interplay between the kinetic and thermodynamics effects that can regulate self-

assembly and through-film periodicity of nanostructured thin films.  The SVA-SS 

investigation in Chapter 5 provided unparalleled kinetic information about the 

alignment pathways of polymer domains during exposure to shear.  The level of 

understanding gained from this analysis led to more controlled shear-alignment 

strategies for directed self-assembly and a one-step casting and shear-alignment 

technique for faster film processing in roll-to-roll assemblies.  The salt-doped BP 



 206 

electrolyte film analysis in Chapter 6 helped determine how lithium salt segregates in 

the ion-conducting domains to affect conductivity pathways through the film for 

battery applications and is the only investigation of its kind conducted with a high-

resolution, non-destructive characterization tool.  The experimental methods and 

information gleaned from these chapters will be beneficial for advancing BP thin film 

annealing techniques, optimizing directed self-assembly, and designing next-

generation battery membranes. 

7.2 Future Directions 

Although significant progress in the field of BP thin film directed self-

assembly was achieved through the work discussed in this dissertation, there are still 

many opportunities to advance the field.  The ideas in this section represent follow-up 

projects to current results, next-generation annealing strategies and characterization 

tools to improve nanostructure ordering and orientation, and an expansion into more 

diverse BP architectures with promising properties.  Each of these potential projects 

would have a significant impact on the field and would make large-scale use of BP 

thin films in commercial applications more feasible. 

7.2.1 Patterned Polydimethylsiloxane Thickness/Elasticity 

SVA-SS with PDMS pads is an effective and relatively universal strategy to 

control the alignment of BP thin film domains into desired pathways for templating 

and lithography applications.9, 38, 48, 49  Previous work with SVA-SS has demonstrated 

that the shear fields can be directed with localized swelling and deswelling to dictate 

the alignment pathways.41  However, these methods to “write” the desired patterns 

into the film typically require longer length scales than are ideal for industry (≈1 h per 
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50 mm film) and do not work for sharp changes in directions (i.e., T-junctions).  

Developing advancements to SVA-SS that can provide more control over pattern 

definition in seconds rather than minutes would be a marked improvement over 

current standards.  One possible approach to overcome this limitation is to incorporate 

gradients in the PDMS pads (i.e., thickness or elasticity gradients) that direct the 

solvent drying front and the shear direction.42 

In Chapter 5, linear gradient thickness PDMS pads were used to maintain the 

nanostructure alignment throughout the film by imposing a single drying front; even-

thickness pads led to the generation of uncontrollable drying fronts and competing 

alignment directions.  Engineering more complex thickness gradients that incorporate 

multiple alignment directions could be useful for defining the drying front and shear 

direction into multiple, controlled directions.  For example, in Figure 7.1 two Teflon 

molds with different gradient patterns are described: (a) a bend for sharp directional 

changes and (b) a spiral for circular pathways.  PDMS pads can be cured in these 

molds to create gradient thickness PDMS pads for SVA-SS.  The drying front, and 

induced shear force, should propagate in the direction of the gradient to create the 

desired patterns as the films and pads are deswelled. 
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Figure 7.1: Images and schematics of Teflon molds with machined patterns for 
preparing PDMS pads with 2° gradients in thickness that can direct the 
drying front propagation during SVA-SS in (a) bends or (b) spirals. 

Elasticity gradients also can control PDMS drying across the film since PDMS 

elasticity and swelling are inversely related.  Elasticity gradients can be incorporated 

in PDMS pads with temperature gradients or photocurable PDMS and UV masks to 

direct the drying front.50, 51  This method also could be used to prevent shear-

alignment in portions of the film by introducing areas of very high elasticity that will 

not swell or generate shear forces.  A controlled drying front approach offers a 

potentially high-throughput and reproducible method to produce patterned BP thin 
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film nanostructures for templating and lithography applications.  The time-scales and 

cost to achieve the same degrees of ordering and pattern specificity also represent a 

large improvement of current industry standards such as extreme ultraviolet 

lithography.52 

7.2.2 Shear-Alignment during Film Casting 

Directed self-assembly with shear-alignment has been demonstrated in 

literature for a variety of BP thin film systems.7-9  Recent additions to the field using 

soft shear approaches have improved shear-alignment capabilities by shortening time 

scales for nanostructure rearrangement, permitting more universal annealing 

pathways, and increasing the effective distance of shear fields through the film.38-42, 49, 

53, 54  However, many of these methods use multiple steps to achieve the desired 

ordering, which increases processing times or limits high-throughput generation of 

aligned nanostructures.  Combining the advantages of hard and soft shear by 

exploiting residual solvent as the film dries during flow coating with a flexible PDMS 

blade, as demonstrated in Chapter 5, can be an effective strategy to cast and align 

nanostructures in a single step process, but defining optimal conditions without 

damaging the film is difficult.  If too much solvent is in the film when the flexible 

blade shears the film, the polymer will not wet the substrate resulting in non-uniform 

films.  If too little solvent is present, the domains do not have the necessary mobility 

to realign.  Exploring different casting speeds, solution properties, and shear forces 

with this process could produce predictive controls to achieve the desired films.  

Furthermore, the effective solvent concentration window can be expanded with the 

help of mixtures of fast and slow drying solvents.  The fast drying solvent would 

evaporate before the flexible blade shears the film, and the slow drying solvent would 
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maintain polymer chain mobility at the lowest possible solvent concentrations.  Once 

the casting conditions are optimized, novel flexible blades with patterned structures or 

varying elasticities can be tested to explore the potential of this single step technique 

and how it can be modified for further self-assembly control. 

Although flow coating is more amenable to industrial scale roll-to-roll 

processing,55 single-step spin coating and alignment techniques could be useful for 

lab-scale experimentation and have more potential for domain patterning.  A PDMS 

oil deposited on a drying film during spin coating potentially could create a shear 

force to align nanostructures as it is spun-off radially during spin coating.  The shear 

forces would align the nanostructures either outward from the center or in spiral 

patterns depending on the viscosity of the fluid (i.e., its spin-off pathway) if the same 

residual solvent conditions that were present with flow coating are maintained with 

spin coating.  Davis et al. demonstrated a similar approach on pre-cast BP films that 

were thermally annealed and subjected to shear-alignment with PDMS oils in a 

rheometer (Figure 7.2).56, 57  Leveraging the residual solvent rather than thermal 

annealing could make the process single-step for high-throughput lab-scale generation 

of aligned nanostructures.  Also, controlling spin-off pathways of the PDMS oil with 

patterned sluices offers the potential for directing the self-assembly in multiple 

directions.  Devising methods to dictate the alignment pathways would require 

significant improvements of current flow and spin coating techniques but would 

greatly advance the production of BP thin films with directed self-assembly. 
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Figure 7.2: (a) Schematic of parallel-plate rheometer used to induce shear-alignment 
of a BP thin film with a viscous PDMS oil.  (b) The applied stress was 
larger farther away from the center of the rheometer, and longer shear 
times (c à d à e à f) improved in the ordering of the nanostructures.  
Reprinted with permission from Davis, R. L. et al. Macromolecules 
2015, 48, 5339-5347, Copyright 2015 American Chemical Society.56 

7.2.3 Reversible Roughening of Substrate Surfaces 

Nanostructure domains that extend from the substrate to free surface are 

needed in many of the previously mentioned applications for BP thin films.  For 

example, nanolithography and nanotemplating masks require holes in the film so the 

light or metal precursors can reach the substrate surface when introduced at the free 

surface, so lamellar and cylindrical nanostructures must be oriented perpendicular to 

the substrate.3, 58  Perpendicular orientations occur if the substrate surface is non-

preferential to each of the polymer blocks in the BP.12, 59  Various strategies 

incorporating substrate modification,60-64 thermal annealing,12, 65 and SVA have been 

developed to induce neutral substrate-polymer interactions,28, 66-69 but tuning the 

effects precisely can be difficult and time-consuming for universal applicability 

among BP thin film systems. 

One strategy to control the orientation of domains has been to cast BP films on 

roughened substrates.70-74  The rough surfaces increase the entropic penalties for 
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having a single polymer block wet the substrate as described in Figure 7.3.70, 75  The 

nanostructures orient perpendicular to the substrate to create more potential 

configurations for the chains to arrange the microdomain interfaces and reduce free 

energy.  Kulkarni et al. demonstrated this technique using tunable rough surfaces of 

silica nanoparticle gels to achieve perpendicular lamellae structures in poly(styrene-b-

methyl methacrylate) (PS-PMMA) thin films.70  The researchers found that higher 

degrees of roughness generated more perpendicular structures; however more 

roughened substrates create coarser substrate-polymer interfaces, which limits the BP 

film’s application as a high-precision lithographic mask or template. 

 

Figure 7.3: (a) A visual depiction of parallel and perpendicular nanostructures on 
roughened substrates is shown.  Preferential (i.e., attractive) surfaces 
typically orient domains parallel to the substrate, but maintaining the 
wetting of one domain on the rough substrate induces energetic penalties 
that are mitigated when domains orient perpendicular to the substrate.  
(b) As the roughness of the substrate (Df) is increased, the likelihood of 
perpendicular orientations increases due to increasing entropic penalties.  
Left image adapted with permission from Sivaniah, E. et al. 
Macromolecules 2005, 38, 1837-1849, Copyright 2005 American 
Chemical Society.75  Right image reprinted with permission from 
Kulkarni, M. M. et al. Macromolecules 2012, 45, 4303-4314, Copyright 
2012 American Chemical Society.70 
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Reversible roughening of the substrate surface would provide a novel route to 

exploit the benefits of high entropic penalties that reorient domains but maintain 

smooth interfaces for pattern transfer.  The premise of this idea is to thermally anneal 

the BP films while the substrate surface is roughened to induce perpendicular 

orientation of the domains.  The substrate roughening would be triggered by a 

response to heat, ultraviolet light, or an electric/magnetic field.  Then, quenching the 

film on the roughened substrate would kinetically trap the domains before removing 

the stimulus that roughened the substrate.  Over time, the substrate would become 

smooth and pull the pinned polymer to form an even interface.  Low temperature or 

short time anneals might be required to pull the film to the interface as the roughening 

is removed, but these conditions should not result in complete restructuring of the 

assembly.  The film then could be removed and used as a mask or template without 

sacrificing the pattern definition at one interface. 

There are a variety of methods that can be explored to induce reversible 

substrate roughening such as shape-memory materials,76-79 ferrofluids,80, 81 and liquid 

crystal elastomers (LCEs) that respond to different stimuli (e.g., light, temperature, 

magnetic fields, etc.) by changing structure.82, 83  When the stimulus is removed, the 

material returns to its original state.  LCEs offer intriguing functionality within this 

group with their ability to respond to changes in temperature.  For example, Ware et 

al. demonstrated how specially-designed LCEs capable of programmable shape 

changes when heated and cooled could be used to generate mechanical responses as 

shown in Figure 7.4.82  Layering BP films on LCEs would provide a one-step process 

to anneal polymer domains and roughen substrate surfaces by heating the assembly in 

a vacuum oven.  Quenching the assembly would kinetically trap the domains and 
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smooth the substrate-polymer interface simultaneously.  One potential downside is 

that the size scale of the surface features formed with temperature-responsive LCEs 

typically is on the order of µm to mm.83  Shape-responsive polymers can form 

significantly smaller size scales than LCEs if a replacement is needed.84 

 

Figure 7.4: Photographs of LCE films at room temperature (25 °C) and after heating 
to 175 °C.  A nine-peak roughness pattern appears in the film at higher 
temperatures and reversibly flattens when the temperature is decreased.  
Reprinted with permission from Ware, T. H. et al. Science 2015, 347, 
982-984, Copyright 2016 by the American Association for the 
Advancement of Science.82 

Reversible roughening of substrates would solve two key issues with block 

polymer thin film self-assembly.  First, a facile and universal route to align domains 

perpendicular to the substrate would be achieved.  This accomplishment would 

eliminate the need to investigate how to tune substrate surface energy and annealing 

conditions for an ever-expanding list of BP systems.  Second, substrate surface area 

and substrate-polymer interface definition would not be sacrificed to produce better 

ordering.  Techniques such as graphoepitaxy and non-reversible roughening work well 
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to direct nanostructure ordering but have inherent flaws by sacrificing the substrate-

polymer interface.7, 41  Layering BP thin films on substrates with the ability to coarsen 

and smooth when exposed to different stimuli would be attractive directed self-

assembly methods for the generation of nanolithographic masks, material deposition 

templates, and nanoporous membranes. 

7.2.4 Directing Designer Block Polymer Self-Assembly 

The directed self-assembly of BP thin films for next-generation 

nanotechnology is dependent on the ability of BPs to form nanostructures with 

continually decreasing sizes.85-88  The current target for BP thin films is sub-10 nm to 

extend optical lithography beyond its current limits.89, 90  However, the size scales of 

BP thin film nanostructures are limited by the interplay between the Flory-Huggins 

interaction parameter (χ), the length of polymer chains (i.e., degree of polymerization 

[N]), and the order-disorder transition (ODT).85  Smaller domains are created by 

decreasing N, but chains that are too small cannot phase separate unless χ is increased.  

Specifically, values of χN below 10.495 lead to chain mixing and disordered 

morphologies.91  High-χ polymers taking advantage of novel chemistries with highly 

repulsive polymer-polymer interactions have received significant attention in recent 

years as a method to reduce feature sizes and have led to the production of assemblies 

with pitches of ≈5 nm.92-95 

Another interesting method to increase χ is to change the BP architecture.  

Literature has described how star BPs, with each arm as a different block or each arm 

representing a BP chain, have higher χ values than linear counterparts; attaching the 

individual polymer chains to one point creates additional entropic penalties and 

repulsive polymer-polymer interactions.91, 96-99  Furthermore, the size of the 
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nanostructures formed with star BPs is dependent on the length of each arm, not the 

total molecular weight.  This effect can shift the ODT of the phase diagram to lower 

segregation strengths and permit smaller N values without disordering the 

morphology.100, 101  The additional entropic interactions also can ease the formation of 

perpendicular nanostructures for lithography and templating applications.102 

The Epps Research Group has experimented with high-χ star BPs recently to 

investigate how to achieve smaller domains in thin films.  The poly(styrene-b-

octafluoropentyl methacrylate) (PS-POFPMA) BPs were cast on neutral substrate 

layers and exposed to SVA with a neutral solvent to reorient the lamellar domains 

perpendicular to the substrate as shown in Figure 7.5.  The next step in this work is to 

shear-align the perpendicular lamellae to demonstrate directional alignment with 

different polymer architectures.  Shear-alignment can be induced with SVA-SS.  If 

star BP self-assembly can be directed with high degrees of ordering, their substantial 

benefits might warrant a change in the standard linear architecture to access and align 

sub-10 nm morphologies. 

 

Figure 7.5: Height (left) and phase (right) atomic force micrographs of PS-POFPMA 
films with perpendicular lamellae structures after SVA with a neutral 
solvent.  The scale bar represents 200 nm and applies to both images. 
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Star BPs are just one of several potential architectures to improve BP thin film 

self-assembly.  Cyclic and figure-8 architectures can affect polymer-polymer 

interactions and alter size scales and interfacial mixing in comparison to linear 

counterparts.103, 104  Multiple blocks and chemistries also can be incorporated with 

different architectures to increase the phase space of designer morphologies.6, 105, 106  

The key in choosing new chemistries and architectures should be to tune the desired 

properties.  For example, star BPs with each arm composed of a linear ABA triblock 

chain might prove useful for generating perpendicular structures with smaller feature 

sizes.  Nanostructures in ABA triblocks are easier to orient perpendicular than AB 

diblocks, as has been discussed in the literature.17, 107  Making substrate and free 

surface interactions preferential for the middle component in the ABA triblock leads 

to folding of the chains, which is energetically unfavorable and causes domains to 

reorient perpendicular to the substrate.  Creating preferential surface interactions is 

easier than finding neutral conditions for a given BP system, so incorporating ABA 

triblocks in the star arms could prove beneficial for processing BP thin films.108  As 

one example, PS-POFPMA star BPs with triblock arms rather than diblock arms have 

the potential to have smaller features than linear BP systems, orient perpendicular to 

the substrate without substrate modification, and be processed as nanotemplates with 

easy removal of the POFPMA domain with plasma etching.  Understanding the key 

features needed for a given application and designing a BP thin film system around 

those parameters would be more efficient that the traditional approach of forcing a 

simple BP system (e.g., PS-PMMA) to conform to the desired nanostructure 

arrangements.  Moving forward, similar strategies to design BP systems for a given 
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application should be used, a process that requires additional information about how 

different chemistries and architectures affect inherent BP thin film properties. 

7.2.5 Advancing Neutron Scattering of Block Polymer Thin Films 

Neutron scattering of BP thin films has been used extensively to study 

annealing kinetics, characterize through-film morphologies, and quantify additive 

distributions in the individual domains.109  The resolution capabilities of neutron 

scattering for organic materials, especially with the benefits of contrast variation and 

deuteration, provides enormous potential for investigating the self-assembly, 

restructuring, and application of future BP thin film systems.110-113  Chapters 4, 5, and 

6 demonstrated how neutron scattering can be leveraged to gather key information 

about particular BP systems to predict how the domains will respond to various SVA 

conditions, to optimize SVA-SS procedures for improved nanostructure alignment and 

ordering, and to quantify lithium salt distributions in polymer electrolyte membranes.  

Although each of these projects progressed the field of BP thin film neutron scattering, 

the use of multi-dimensional neutron scattering techniques that capture both in-plane 

and out-of-plane information simultaneously would provide unprecedented levels of 

understanding if three criteria are met: data collection times improve, new in situ 

neutron scattering chambers are designed, and advanced computational modeling tools 

are developed.109 

Multidimensional neutron scattering tools can provide information from both 

the in-plane and out-of-plane directions simultaneously unlike the neutron scattering 

techniques covered in this dissertation, SANS and NR, which only capture details in 

one plane.  Off-specular NR, grazing-incidence small-angle neutron scattering 

(GISANS), and rotational small-angle neutron scattering (RSANS) all can generate the 
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same information as SANS and NR but in one continuous experiment to ensure the 

same interactions are being monitored.70-72, 114-118  For example, Zhang et al. used 

RSANS to track the concentration of parallel (in-plane direction) vs. perpendicular 

(out-of-plane direction) orientations of cylindrical domains in BP thin films as a 

function of film thickness and annealing temperature (Figure 7.6).  Pairing SANS and 

NR to get the same analysis would assume that different films were annealed the exact 

same or would require complex modeling to extract the desired information.  Although 

these techniques are useful, they suffer from three key flaws.  First, the time scales to 

achieve the necessary statistical information (several hours) are impractical for 

studying the kinetics of domain restructuring.119, 120  Designing novel methods to slow 

restructuring kinetics or improve resolution over shorter times (e.g., introducing 

deuteration, increasing sample thickness, focusing on larger size scales [Note: larger 

size scales are measured with smaller sample to detector distances, which leads to the 

collection of more scattered neutrons over the same scattering time]) can help 

condense data collection times; additionally, as neutron fluxes continue to improve 

and next-generation neutron scattering tools, such as chromatic analysis neutron 

diffractometer or reflectometer (CANDOR), are built, data collection times should 

decrease.121-123  Second, engineering new sample chambers that work in the 

multidimensional geometries are needed to pair with the scattering tools.  The 

complex nature of the scattering geometries requires keen insight to develop sample 

environments without sacrificing scattering resolution or structural information.109  

For example, in situ RSANS during SVA would be a valuable investigation to obtain a 

3-D solvent distribution profile for advanced SVA analysis but would require the 

construction of an SVA chamber that could rotate in the neutron beam without 
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affecting the scattering intensity from the empty cell (i.e., the path length for the 

neutrons through the chamber has to be consistent).  One approach to overcome this 

challenge is to design a spherical SVA chamber, likely out of titanium to minimize 

chamber scattering, which encloses the sample and rotates within the neutron beam.  

New scattering chambers for SANS and NR exploration of other directed self 

assembly techniques such as magnetic field alignment, microwave-assisted SVA, and 

solvothermal annealing also would be beneficial.   Lastly, modeling data obtained 

from multidimensional scattering methods can be convoluted, especially if the system 

is changing over time.109  The development of procedures and models to process the 

data and extract the desired information is vital to the widespread use of these tools.  

To achieve this goal, model systems that are easy to define (e.g., diblock, lamellar-

forming BP) should be tested first to create simple, multidimensional models.  From 

there, the complexity should be increased (e.g., lamellar to cylinders or diblock to 

triblock) to progress the models until they are more robust for different BP systems.  

Projects focused on one or more of these goals would greatly benefit the field of BP 

thin films by providing unmatched characterization tools for improved understanding 

of self-assembly phenomena. 
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Figure 7.6: Through-film phase diagram for a cylindrical-forming BP thin film 
generated from RSANS.  RSANS was used to probe the in-plane and out-
of-plane features simultaneously to determine at what film thicknesses 
the substrate and free surface interactions competed to reorient domains.  
Adapted with permission from Zhang, et al. ACS Nano 2008, 2, 2331-
2341, Copyright 2008 American Chemical Society.118 
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SUPPORTING INFORMATION FOR CHAPTER 3 

 

Figure A.1:  Optical micrographs of ≈103 nm (2.5 domain spacings [L0]) thick 
poly(methyl methacrylate-b-n-butyl methacrylate) (PMMA-PnBA) films 
on n-butyl silane substrates and ≈90 nm (2.2L0) thick PMMA-PnBA 
films on aceto silane substrates after thermal annealing at 175 °C for 24 
or 48 h.  On n-butyl silane substrates, 103 nm was an incommensurate 
film thickness, but coherent island and hole formations were not expected 
due to the minimal propagation depth of the n-butyl silane surface field.  
On aceto silane substrates, 90 nm was an incommensurate film thickness, 
and island and hole formations were expected and present.  As there were 
no distinct changes in the imaged structures at 24 h vs. 48 h, 24 h 
appeared to be sufficient time for microdomain equilibration.  Reprinted 
with permission from Shelton, C. K. and Epps, T. H., III Macromolecules 
2016, 49, 574-580.1  
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Figure A.2: Optical micrographs of PMMA-PnBA films on n-butyl silane modified 
substrates displayed distinct island and hole formations at (a) 62 nm 
thicknesses, less defined islands and holes at (b) 103 nm, and no distinct 
islands and holes at (c) 144 nm thicknesses.  For the specimens shown in 
images b and c, it is likely that the enthalpic competition between the 
substrate and free surfaces hindered island and hole formation.2, 3  
Proximal to defects on thicker films (d, e), islands and holes were more 
prominent likely due to additional entropic interactions that enhanced the 
substrate surface field influence.4  The scale bar applies to all 
micrographs.  Reprinted with permission from Shelton, C. K. and Epps, 
T. H., III Macromolecules 2016, 49, 574-580.1 
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Figure A.3: Atomic force microscopy (AFM) images of PMMA-PnBA films at 
substrate dominant (no outline), transition (gray outline), and 
substrate/free surface competition (black outline) thicknesses on 
chlorosilane-modified substrates.  A change in the free surface 
nanostructure from perpendicular cylinders to parallel, or folded, 
cylinders was noted once the transition thickness was reached on each 
substrate.  The change in nanostructure orientation was correlated 
directly to the disappearance of islands and holes measured by optical 
microscopy as shown in Figure 3.6.  The scale bar represents 200 nm and 
applies to all images.  Reprinted with permission from Shelton, C. K. and 
Epps, T. H., III Macromolecules 2016, 49, 574-580.1  
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Figure A.4: Plots of full-width half-max (FWHM) values calculated from azimuthally 
averaged fast Fourier transformation intensity spectrum measured from 
free surface AFM images of gradient thickness PMMA-PnBA films on 
bare silica and chlorosilane-modified substrates.  The plots revealed an 
increase in the FWHM of the primary peak (location marked by an 
arrow) indicating the transition of film thickness from the substrate 
dominant region to the substrate/free surface competition region.  The 
onset of the transition was consistent for all substrate surfaces (shaded 
region; FWHM ≈ 0.06-0.08) and matched the transition region measured 
via optical microscopy.  The extra peaks found on the benzyl and 
methacryl silane traces (location marked by stars) were artifacts from the 
AFM/FFT processing and not free surface structures.  Reprinted with 
permission from Shelton, C. K. and Epps, T. H., III Macromolecules 
2016, 49, 574-580.1  
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Figure A.5: Comparison of critical propagation depths of the substrate surface field 
between two AB diblock copolymer (PMMA-PnBA and poly[styrene-b-
methyl methacrylate] [PS-PMMA]) systems using long-range interfacial 
energy differences and film thicknesses normalized by system-dependent 
L0’s.  PS-PMMA data were taken from literature, and the same initial 
linear increase followed by the possible onset of a plateau as interfacial 
energy difference increased was noted.2 The inset plot is rescaled to focus 
on the PS-PMMA data for clarity.  The lines between data points are to 
guide the eye.  Reprinted with permission from Shelton, C. K. and Epps, 
T. H., III Macromolecules 2016, 49, 574-580.1  
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SUPPORTING INFORMATION FOR CHAPTER 4 

 

Figure B.1:  Atomic force microscopy (AFM) images of as-cast and solvent annealed 
poly(styrene-b-isoprene-b-styrene) (SIS) films (cylindrical 
nanostructures) used in the neutron reflectometry (NR) and small-angle 
neutron scattering (SANS) experiments.  SIS films exposed to d-benzene 
during SANS showed a marginal improvement (2.5 h anneal) in ordering 
in comparison to as-cast films, but the ordering greatly improved in films 
exposed to d-benzene during NR (8 h anneal). The shorter SANS data 
collection times were desired to ensure that the C variable (intensity) in 
the broad peak models was changing solely as a function of the solvent 
concentration and not as a function of improved ordering.  Note: the SVA 
times used herein were not long enough to cause damage to the films 
(e.g., dewetting) as demonstrated by optical micrographs of films 
following SVA (see rightmost panels).  Reprinted with permission from 
Shelton, C. K. et al. Macromolecules 2016, 49, 7525-7534, Copyright 
2016 American Chemical Society.1 
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Figure B.2: Mass spectrometry (MS) profiles for nitrogen bubbled through deuterated 
benzene (d-benzene) obtained at the chamber outlet.  Solvent partial 
pressure was adjusted by changing the ratio of the volumetric flow rates 
of nitrogen as a pure stream and d-benzene-rich nitrogen.  Fragmentation 
patterns for d-benzene, nitrogen, oxygen, and water were used to identify 
the components associated with each MS peak as well as the relative 
amount of each component in the gaseous stream.2  The relative amount 
of d-benzene (p) was divided by the saturated vapor pressure (psat) of d-
benzene at 25 °C to calculate the p/psat values used in the analyses.3  
Reprinted with permission from Shelton, C. K. et al. Macromolecules 
2016, 49, 7525-7534, Copyright 2016 American Chemical Society.1 
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Figure B.3: (a) Illustration and (b) photograph of SANS sample cell for in situ SVA 
experiments.  The sample cell housed two SIS films (400 ± 4 nm each) 
facing inward, towards a sealed air gap.  Spacers were utilized to create 
the air gap through which solvent vapor flowed.  Quartz glass windows 
were used as neutron transparent windows to reduce scattering from the 
sample cell.  Adapted with permission from Shelton, C. K. et al. 
Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.1 
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Figure B.4: (a) Illustration and (b) photograph of NR in situ SVA sample cell.  The 
aluminum sample cell housed a 200 ± 2 nm thick SIS films with inlets 
and outlets for solvent vapor exposure and was mounted at a reflectivity 
geometry with the neutron beam.  Borated aluminum shields (not shown 
in illustration) were placed around the neutron beam inlet and outlet to 
prevent scattering from the film holder or screws from reaching the 
detector.  The dismantled sample chamber is shown in (c) and the 
schematics for the different components are presented in Figures B.5 to 
B.12.  Adapted with permission from Shelton, C. K. et al. 
Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.1 
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Figure B.5: Schematic for NR in situ SVA sample cell lid with photograph for 
reference.  The lid enclosed the film sample to trap solvent vapor inside 
the chamber during annealing. 
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Figure B.6: Schematic for NR in situ SVA sample cell base plate with photograph for 
reference.  The base plate housed the solvent inlet and outlet and the 
piping for a continuous circulating water bath to control the temperature. 



 242 

 

Figure B.7: More detailed schematic of base plate features with photograph for 
reference.  Each breakdown describes where different holes or ports are 
located for a given application (e.g., solvent inlet, solvent outlet, water 
bath inlet, water bath outlet). 
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Figure B.8: Schematic for NR in situ SVA sample cell clamps, which were used to 
hold the films upright in the neutron beam. 
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Figure B.9: Schematic for NR in situ SVA sample cell stilts with photograph for 
reference.  The stilts were used to raise the sample into the neutron beam.  
Holes were cut in the stilts to help cool them if higher temperatures are 
used during annealing. 
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Figure B.10: Schematic for NR in situ SVA sample cell mask and photograph for 
reference.  The mask was used to prevent scattering from hardware (e.g., 
screws) that might otherwise affect NR profiles.  A calculation for the 
max Q was conducted to ensure appropriate Q ranges could be reached 
with the masks. 
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Figure B.11: Schematic for the full, assembled NR in situ SVA sample cell. 
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Figure B.12: Schematic for NR in situ SVA sample cell with water bath and solvent 
vapor ports added. 
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Figure B.13: Broad peak model fits to small-angle neutron scattering 1-D profiles at 
different values of p/psat.  In the broad peak model, the parameters C, Q*, 
ξ, m, and B represent the intensity of the primary peak, the Q location of 
the primary peak, the correlation length of the features, a scaling factor, 
and background in the scattering, respectively.  The model fit parameters 
were optimized using SASView software.  Most of the parameters 
remained relatively constant with changing p/psat, including the Q 
location of the primary peak (Q*) at ≈0.02 Å-1, which indicated the 
domain spacing (L0) was effectively constant with p/psat.  The C 
parameter varied with p/psat and described the change in amplitude of the 
primary peak.  The decrease in C with p/psat indicated that the contrast 
between domains had decreased.  The value of C was used to calculate 
the contrast ([Δρ]2) between the polymer domains ([Δρ]2 = [ρPS/d-benzene - 
ρPI/d-benzene]2) at each p/psat as described in Section B.1.  Reprinted with 
permission from Shelton, C. K. et al. Macromolecules 2016, 49, 7525-
7534, Copyright 2016 American Chemical Society.1 
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B.1 SANS Broad Peak Model Analysis to Calculate Solvent Concentration 

This approach was modified from a similar technique that used a broad peak 

model to calculate the effect of temperature changes on contrast.4  The C values 

obtained from broad peak model fits were related to the contrast in the system ([Δρ]2 = 

[ρPS/d-benzene - ρPI/d-benzene]2) at each p/psat value to calculate the amount of solvent in the 

PS and PI domains.  For this calculation, the dry film and an assumed zero contrast 

system were used to extrapolate (Δρ)2 at a given value of C.  For the dry film, (Δρ)2 

was equal to the square of the difference in ρ between PS (1.41 x 10-6 Å-2) and PI 

(0.273 x 10-6 Å-2) at 25 °C.5  For a zero contrast system, the value of C was assumed to 

equal zero.  A linear interpolation between the two neat components was utilized to 

develop a relationship between (Δρ)2 and C for d-benzene and SIS shown in Equation 

B.1. 

 C = 1.93 x 1013(Δρ)2  (B.1) 

To determine (Δρ)2 in d-benzene swollen PS and PI domains as a function of 

solvent mole fraction (xPS/sol and xPI/sol), a linear interpolation between the ρ of pure 

polymer, by volume fraction, (φPS/sol, φPI/sol = 0) and pure solvent, by volume fraction, 

(φPS/sol, φPI/sol = 1; ρd-benzene = 5.43 x 10-6 Å-2 at 25 °C)4 was used (Equations B.2 and 

B.3). 

 ρPS/d-benzene = 4.02 x 10-6(φPS/sol) + 1.41 x 10-6 (B.2) 

 ρPI/d-benzene = 5.16 x 10-6(φPI/sol) + 0.273 x 10-6 (B.3) 

Next, the volume fraction of solvent in PS and PI domains (φPS/sol and φPI/sol) 

was quantified using Equations B.4 and B.5, respectively. 

 φPS/sol =
vPS/sol

vPS + vPS/sol
 (B.4) 
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 φPI /sol =
vPI /sol

vPI + vPI /sol
 (B.5) 

In Equations B.4 and B.5, vPS, vPI, vPS/sol, and vPI/sol refer to the volume of PS, 

the volume of PI, the volume of solvent in the PS domain, and the volume of solvent 

in the PI domain, respectively.  An assumed total volume of film and solvent (Vtot) was 

used to calculate vPS and vPI from the known volume fraction ratios of PS and PI in the 

SIS BP (0.268:0.732) and the known solvent volume fraction (φsol) in the film at each 

p/psat measured via NR.  Additionally, an error of ±5 vol% total solvent in the film 

was assumed for all calculations.  Then, vPS/sol and vPI/sol were related to each other 

through Equation B.6 and Vtot. 

 Vtotφsol = vPS/sol + vPI/sol (B.6) 

Finally, Equations B.1-B.5 were combined as shown in Equation B.7 to calculate the 

amount of solvent present in each polymer domain for a given C value. 

 C
1.93 x 1013

= (Δρ)2 = 4.02 x 10−6vPS/sol
vPS + vPS/sol

+1.41 x 10−6
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    (B.7)  

Equations B.6 and B.7 were coupled to calculate the volume of solvent in PS 

and PI domains and, subsequently, the volume fraction of solvent in PS and PI 

domains using Vtot.  These values were converted to mole fractions using the molar 

volume of PS (100 cm3/mol), the molar volume of PI (76 cm3/mol), and the molar 

volume of d-benzene (89 cm3/mol) at 25 °C.4  Reprinted with permission from 

Shelton, C. K. et al. Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 

Chemical Society.1 
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Figure B.14: Temporal NR profiles of SIS films from a dry, as-cast state to a p/psat 
value of 0.93.  The different plots show the change in the profile from (a) 
an initial, dry state (time = 0 h) to 1 h after solvent exposure, (b) a 1 h to 
2 h solvent exposure time, (c) a 2 h to 4 h after solvent exposure time, (d) 
a 4 h to 7 h after solvent exposure time, and (e) a 7 h to 8 h after solvent 
exposure time.  During SVA exposure, the gap between Kiessig fringes 
narrowed, and a Bragg peak developed, which indicated the film swelled 
(at a rate of at least 2.3 nm/min), and a repeating out-of-plane structure 
formed (parallel cylinders), respectively.  The SIS film was annealed 
until two or three profiles overlapped (e) to indicate that a steady-state 
condition had been reached.  The bottom right plot (f) focuses on the 
Bragg peak, as the peak changed more significantly than the rest of the 
profile and therefore was the most noteworthy indicator of steady-state.  
Reprinted with permission from Shelton, C. K. et al. Macromolecules 
2016, 49, 7525-7534, Copyright 2016 American Chemical Society.1 
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Figure B.15: Temporal NR profiles of SIS films from a p/psat value of 0.93 to a p/psat 
value of 0.84.  The different plots show the change in the profile from (a) 
a fully swollen film (p/psat = 0.93 at time = 0 h) to a 1 h p/psat = 0.84 
annealing time, (b) a 1 h to 2 h p/psat = 0.84 annealing time, (c) a 2 h to 4 
h p/psat = 0.84 annealing time, (d) a 4 h to 7 h p/psat = 0.84 annealing 
time, (e) a 7 h to 11 h p/psat = 0.84 annealing time, and (f) an 11 h to 12 h 
p/psat = 0.84 annealing time.  Upon deswelling, the gap between Kiessig 
fringes widened, and the Bragg peak location shifted to lower Qz, which 
indicated the film thickness decreased (at a rate of at least 0.9 nm/min), 
and the layer spacing (Lz) increased. The bottom plot (g) focuses on the 
Bragg peak, as the peak changed more significantly than the rest of the 
profile and therefore was the most noteworthy indicator of equilibration.  
Reprinted with permission from Shelton, C. K. et al. Macromolecules 
2016, 49, 7525-7534, Copyright 2016 American Chemical Society.1 
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Figure B.16: Temporal NR profiles of SIS films from a p/psat value of 0.84 to a p/psat 
value of 0.59.  The different plots show the change in the profile from (a) 
an equilibrated p/psat = 0.84 state (at time = 0 h) to a 1 h p/psat = 0.59 
annealing time, (b) a 1 h to 2 h p/psat = 0.59 annealing time, (c) a 2 h to 4 
h p/psat = 0.59 annealing time, (d) a 4 h to 7 h p/psat = 0.59 annealing 
time, (e) a 7 h to 8 h p/psat = 0.59 annealing time, and (f) an 8 h to 9 h 
p/psat = 0.59 annealing time.  Upon deswelling, the gap between Kiessig 
fringes widened, and the Bragg peak location shifted to higher Qz, which 
indicated the film thickness decreased (at a rate of at least 0.9 nm/min), 
and the Lz decreased. The bottom plot (g) focuses on the Bragg peak, as 
the peak changed more significantly than the rest of the profile and 
therefore was the most noteworthy indicator of equilibration.  Reprinted 
with permission from Shelton, C. K. et al. Macromolecules 2016, 49, 
7525-7534, Copyright 2016 American Chemical Society.1  
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Figure B.17: Temporal NR profiles of SIS films from a p/psat value of 0.59 to a p/psat 
value of 0.43.  The different plots show the change in the profile from (a) 
an equilibrated p/psat = 0.59 state (at time = 0 h) to a 1 h p/psat = 0.43 
annealing time, (b) a 1 h to 2 h p/psat = 0.43 annealing time, (c) a 2 h to 4 
h p/psat = 0.43 annealing time, (d) a 4 h to 7 h p/psat = 0.43 annealing 
time, and (e) a 7 h to 11 h p/psat = 0.43 annealing time.  Upon deswelling, 
the gap between Kiessig fringes widened, and the Bragg peak location 
shifted to higher Qz, which indicated the film thickness decreased (at a 
rate of at least 0.9 nm/min), and the Lz decreased. The bottom right plot 
(f) focuses on the Bragg peak, as the peak changed more significantly 
than the rest of the profile and therefore was the most noteworthy 
indicator of equilibration.  Reprinted with permission from Shelton, C. K. 
et al. Macromolecules 2016, 49, 7525-7534, Copyright 2016 American 
Chemical Society.1 
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Figure B.18: Temporal NR profiles of SIS films from a p/psat value of 0.43 to a redried 
state.  The different plots show the change in the profile from (a) an 
equilibrated p/psat = 0.43 state (at time = 0 h) to a 1 h exposure to a dry 
nitrogen flow and (b) a 1 h to 2 h exposure time to a dry nitrogen flow.  
Upon deswelling, the gap between Kiessig fringes widened, and the 
Bragg peak location shifted to higher Qz, which indicated the film 
thickness decreased (at a rate of at least 0.9 nm/min), and the Lz 
decreased. The bottom plot (c) focuses on the Bragg peak, as the peak 
changed more significantly than the rest of the profile and therefore was 
the most noteworthy indicator of equilibration.  Reprinted with 
permission from Shelton, C. K. et al. Macromolecules 2016, 49, 7525-
7534, Copyright 2016 American Chemical Society.1 
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B.2 Incommensurability Between Film Thickness, Layer Thickness, and 
Number of Layers 

At a value of p/psat = 0.93, the increased solvent content created both rougher 

surfaces and rougher polymer-polymer interfaces than at other values of p/psat, as seen 

by the decreased amplitude of the Kiessig fringes and the diminishing amplitude of the 

ρ profile oscillations in Figure 4.6.  The increased roughness accounted for the 

additional 0.8 layer incommensurability between the fit number of layers (n = 12) and 

the film thickness (t = 347 nm) at an Lz of 27 nm (t/Lz = 12.8 layers).  Similarly 

roughened surfaces and interfaces have been reported in literature for highly solvent 

swollen films.6  Reprinted with permission from Shelton, C. K. et al. Macromolecules 

2016, 49, 7525-7534, Copyright 2016 American Chemical Society.1 
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Figure B.19: Multilayer model fits (black lines) to NR data (open colored circles) for 
the as-cast and redried films as well as at each value of p/psat.  The model 
parameters accounted for n number of layers with individual thickness 
and ρ parameters.  Using this model and refl1D fitting software,7 the 
calculated profiles demonstrated good agreement with the measured 
profiles (χ2 < 5) and produced a free surface (depth = 0) to substrate ρ 
profile shown in the inset plots.  For p/psat values of 0.93 and 0.84, the ρ 
profiles showed an oscillatory trend that likely was caused by the 
difference in solvent uptake of pure PI and mixed PI/PS layers.  At values 
of p/psat ≤ 0.59, the oscillatory trend was not as consistent (regions of 
lower amplitude oscillations) due to the PS domain transitioning to a 
glassy state that limited solvent diffusion through the film.  Additionally, 
the Bragg peak was broader for values of p/psat ≤ 0.59, which suggested 
greater disorder in the layered structure.  Once all the solvent was 
removed from the film (redried), the oscillatory trend returned due to the 
ordered layering of domains.  The solvent concentration through the film 
thickness at each p/psat was extracted from the resulting ρ profiles using 
known polymer and solvent ρ values, and molar fractions of the PS and 
PI domains in the dry SIS BP.  Reprinted with permission from Shelton, 
C. K. et al. Macromolecules 2016, 49, 7525-7534, Copyright 2016 
American Chemical Society.1 
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Figure B.20: Multilayer model fits (black lines) to p/psat = 0.84 reflectivity profiles 
(open green circles) consisting of ten (left) or twelve (right) repeating 
layers (n).  The total film thickness (t) remained constant for each fit, but 
the layer thickness (Lz) changed to achieve commensurability between 
the t and n.  The n = 10 model fit the reflectivity data with a χ2 = 1.47.  
The n = 12 model had a significantly higher χ2 (χ2 = 442) due to 
mismatched Bragg peak and Kiessig fringe locations when comparing the 
reflectivity data to the model fit.  This large discrepancy between the 
refined n = 12 model fit and the reflectivity data provides a further 
indication that there was a change in the number of layers (from 12 to 10) 
in the film upon deswelling.  Reprinted with permission from Shelton, 
C. K. et al. Macromolecules 2016, 49, 7525-7534, Copyright 2016 
American Chemical Society.1 
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SUPPORTING INFORMATION FOR CHAPTER 5 

 

Figure C.1: Small-angle neutron scattering (SANS) azimuthally-averaged intensity 
profiles for poly(deuterated styrene-b-isoprene-b-deuterated styrene) 
(dSIdS) films subjected to toluene solvent vapor annealing (SVA) (a) 
with or (b) without soft shear.  SVA with soft shear (SVA-SS) was 
implemented through the placement of polydimethylsiloxane (PDMS) 
pads on the films to induce shear forces as the pad swelled and deswelled 
while in contact with the film.  SVA-SS or SVA was conducted with a 3 
h swelling time and 10 mL/min toluene-rich nitrogen flow rates during 
swelling, and 3 mL/min diluent nitrogen flow rates during film 
deswelling.  For both SVA-SS and SVA, the location of the primary peak 
shifted from Q = 0.018 Å-1 to Q = 0.015 Å-1, which was indicative of an 
increase in domain spacing (L0) from 35 nm to 42 nm.  Also, there was a 
difference in intensity of the primary peak for SVA-SS vs. SVA; the 
primary peak intensity decreased for samples treated by SVA-SS and 
increased slightly for samples treated via SVA.1 

Appendix C 
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Figure C.2: AFM images of dSIdS films after SVA or SVA-SS with the same 
swelling (10 mL/min toluene-rich nitrogen flow rate for 3 h) and 
deswelling (3 mL/min diluent nitrogen flow rate) conditions.  The SVA-
SS image was obtained from a portion of the film that the PDMS pad did 
not shear.  Both micrographs indicate a mixture of parallel and 
perpendicular cylinders and featureless areas.  The scale bar represents 
250 nm and applies to both images.1 

 

Figure C.3: AFM images of dSIdS films exposed to different toluene-rich to diluent 
stream flow rate ratios (10:0, 8:2, or 6:4) during SVA-SS swelling.  Shear 
forces from the swelling of the PDMS pad resulted led to well-ordered 
and aligned nanostructures across the film in the 10:0 sample.  At an 8:2 
ratio (reduced PDMS swelling relative to 10:0), the shear fields appear to 
be sufficient to align domains but not large enough to generate either a 
high degree of ordering or defect removal.  At a 6:4 ratio, shear-
alignment was not readily apparent.  The scale bar represents 250 nm and 
applies to all images.1 
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Figure C.4: AFM images from a dSIdS film subjected to toluene SVA-SS using a 
PDMS pad fabricated with a 20:1 elastomer to curing agent ratio and a 2° 
gradient in thickness.  The location of the AFM images in the figure is 
relative to where the images were taken in the film as indicated by the 
schematic in the top left corner.  The alignment direction of the 
nanostructures remained consistent throughout the film.  Slight 
differences in the apparent alignment direction likely were the result of 
orientation changes of the AFM when moving between locations.  The 
scale bar represents 500 nm and applies to all images.1 
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Figure C.5: Photograph of shear casting device in which the flexible PDMS, shearing 
blade was attached to the same holder as the glass, casting blade 
(schematic of this setup is shown in Figure 5.8).  A silicon substrate was 
placed on a motor stage, which was programmed to move at a set speed 
for film casting.  A polymer solution was deposited between the glass 
blade and silicon substrate to produce a film upon movement of the stage.  
The flexible blade dragged across the top of the film immediately after 
casting to shear-align the nanostructure.  This setup used a single device 
to hold the two blades but offered less control over the distance between 
the two blades and the downward force of the flexible blade.2 
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Figure C.6: (a) Schematic of shear casting device in which the flexible PDMS, 
shearing blade and glass, casting blade were attached to separate, 
stationary holders along with photographs of the setup: (b) side view, (c) 
top view, and (d) front view.  This setup provided more control over the 
distance between the two blades and the downward force of the flexible 
blade.  Photos courtesy of John Saltwick. 
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Figure C.7: Illustration of potential shear casting device for industrial scale roll-to-
roll processing.  A flexible substrate is dipped into a reservoir of polymer 
solution to generate a film that is thinned by a rigid blade (i.e., thickness 
control is provided by the rigid blade).  A flexible blade shears the drying 
film immediately after casting to align the nanostructure before the 
substrate is transferred to the next step in the process.2 

 

Figure C.8: Photograph of a poly(styrene-b-isoprene-b-styrene) film after shear 
casting that depicts significant film damage (left side of image).  The 
damage was caused by the presence of too much solvent in the film when 
the flexible, PDMS blade was dragged across the free surface.  The 
PDMS blade did not interact with the right side of the film (undamaged 
area). 
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Figure C.9: Plot of drying curves for pure o-xylene (green data points) and 50:50 
(black data points), 25:75 (red data points), and 5:95 (blue data points) 
mixtures (mass%:mass%) of o-xylene:tetrahydrofuran (THF).  The THF 
evaporated almost immediately after casting, and an increase in the o-
xylene content increased the drying time.  The green and black lines did 
not reach a thickness of zero because measurements were stopped before 
the solvent had dried completely.  Figure courtesy of John Saltwick. 
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SUPPORTING INFORMATION FOR CHAPTER 6 

 

Figure D.1: Poly(styrene-b-oligo[oxyethylene] methacrylate) (PS-POEM) films 
doped with lithium salt as viewed by neutrons (blue = scattering length 
density [ρ] of POEM; red = ρ of PS) at the PS-POEM contrast match 
point (top row) along with predictive ρ (middle row) and neutron 
reflectometry (NR; bottom row) profiles. Films without salt-doping (a) 
result in NR profiles with Bragg peaks (highlighted with yellow arrows) 
related to the domain spacing.  (b) Central localization of the salt within 
the POEM layers results in additional Bragg peaks related to the 
thickness between low ρ portions of the film (i.e., PS-POEM interfaces).  
Depths were normalized such that 0.00 is the free surface and 1.00 is the 
substrate surface.1 
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Figure D.2: NR profiles (black data points) and model fits (red lines) for neat PS-
POEM films and films doped with lithium trifluoromethanesulfonate (Li 
triflate) at 45:1, 22:1, and 11:1 [EO]:[Li] ratios (left side), and ρ profiles 
as a function of film depth (right side; normalized from 0.0 [free surface] 
to 1.0 [substrate surface]).  As the salt concentration increased, the 
ρPOEM/salt values increased (as indicated by ρ profiles and the decrease in 
relative intensity of Bragg peaks [highlighted by yellow arrows]), but a 
contrast match point was not reached at the [EO]:[Li] ratios studied, 
herein.  Error bars in NR profiles represent one standard deviation from 
the measured intensity and were calculated during data reduction.1 
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Figure D.3: NR profiles (black data points) and model fits (red lines) for neat PS-
POEM films and films doped with lithium perchlorate (Li perchlorate) at 
45:1, 22:1, and 11:1 [EO]:[Li] ratios (left side), and ρ profiles as a 
function of film depth (right side; normalized from 0.0 [free surface] to 
1.0 [substrate surface]).  As the salt concentration increased, the 
ρPOEM/salt values increased (as indicated by ρ profiles and the decrease in 
relative intensity of Bragg peaks [highlighted by yellow arrows]), but a 
contrast match point was not reached at the [EO]:[Li] ratios studied, 
herein.  Error bars in NR profiles represent one standard deviation from 
the measured intensity and were calculated during data reduction.1 
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D.1 Salt-Doped POEM Contrast Match with PS Calculations 

The expected [EO]:[Li] ratios at which PS and POEM domains would be 

contrast matched during NR were calculated with Equations D.1 – D.3 for each salt 

(LiTFSI, Li triflate, Li perchlorate).  In Equation D.1, the volume fraction of a given 

salt at the contrast match point (φsalt,CM) was determined from the scattering length 

densities of neat PS and POEM (ρPS and ρPOEM, respectively). 

 φsalt,CM =1−
ρPS − ρsalt
ρPOEM − ρsalt

 (D.1) 

Then, the φsalt,CM value from Equation D.1 was input into Equation D.2 to calculate the 

moles of salt at the contrast match point (nsalt,CM; assumed one mole total POEM and 

salt) using the density (dsalt) and molar mass (MMsalt) of the given salt. 

 nsalt,CM = φsalt/CM
dsalt
MMsalt

 (D.2) 

Finally, the [EO]:[Li] value at the contrast match point ([EO]:[Li]CM) was computed 

by dividing the moles of EO, determined by converting φsalt,CM with the density (dPEO) 

and molar mass (MMPEO) of the PEO side chains in POEM, by nsalt,CM as shown in 

Equation D.3. 

 [EO]:[Li]CM =
1−φsalt,CM( ) dPEO

MMPEO

nsalt,CM
 (D.3) 

From these calculations, [EO]:[Li]CM ratios of 13:1, 6:1, and 5:1 were determined for 

LiTFSI, Li triflate, and Li perchlorate salts, respectively. 
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