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Abstract 
 

 

Structure-property relationship of synthetic lung surfactant films 

 

 

By 

 

 

Cain Valtierrez-Gaytan 

 

 

 
Surfactants are ubiquitous in our daily lives as they are found in household, 

personal care, and pharmaceutical products. Surfactants also play an important in making 

life possible by helping essential cellular components organize and grow. Of particular 

interest is lung surfactant (LS), a lipid-protein mixture that makes breathing possible by 

reducing the interfacial tension of the air-liquid interface of the alveoli. This modulation of 

the interfacial tension enables effortless lung expansion and stabilizes the lung against 

collapse thus allowing for proper oxygenation of the bloodstream. The lack of LS or its 

inhibition leads to deadly respiratory illnesses. Various animal-based replacement lung 

surfactant (RLS) therapies currently exist that have decreased the mortality of neonatal and 

acute respiratory distress syndrome, however, these RLS therapies do not work as well as 

natural LS, are expensive, and vary widely in composition. This motivates the development 

of a synthetic LS formulation. One of the major challenges is that we do not know an ideal 

LS composition.  Therefore, to better understand LS function and make progress towards 

a viable synthetic LS formulation we require a detailed study that considers both the 

fundamental science and physiologically relevant performance parameters. 
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In this dissertation, we have elucidated the role of dihydrocholesterol (DChol) 

within the context of a simple model LS system composed of 2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) and 1-hexadecanol (HD) in modulating film microstructure, phase 

behavior, interfacial rheology, and film nano-mechanics. Using confocal microscopy, we 

found that DPPC and HD phase separate into crystalline domains within a fluid matrix. 

The addition of DChol to our model LS system causes domains that are initially semi-

circular to develop fingering instabilities and undergo a spontaneous and reversible shape 

transition to stripes of uniform width. The fingering instabilities follow a version of the 

classical Mullins-sekerka growth instability theory and depend on domain growth kinetics. 

The stripe morphology is found to be an equilibrium state governed by the competition 

between dipole-dipole interactions within the domains and the line tension at the domain 

boundaries and depends on film composition, temperature, and surface pressure. To study 

how LS spreads on an air-water interface, we use surface micro-rheology to show that HD 

causes the film to resist flow while DChol causes the film to be more fluid-like. We transfer 

our monolayers from the air-water interface onto a supported substrate and show using 

atomic force microscopy that the addition of DChol destabilizes the crystalline and liquid-

like phases with highly dissipative nano-structures. Overall, we believe the work presented 

in this dissertation provides the building blocks for using fundamental and applied science 

to develop a synthetic replacement LS therapy.  
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Figure 1.1 Schematic of healthy vs. injured alveolus 
 

Adapted from Ware et al. 2000.  Lung surfactant forms an interfacial layer to reduce the 

air-liquid surface tension to < 10 mN/m. Severe injury can lead to inflammation, and blood 

serum infiltrates into the alveoli, which can inhibit LS function, leading to respiratory 

distresséééééééééééééééééééééééééééééééé  9 
 

Figure 1.2 Phase behavior of fatty acids and single-component lipids  
 

Adapted from Kaganer et al. 1999. 2(a) Below triple point monolayer exhibits G, LC ï G 

coexistence, LC, and S phase transitions.  2(b) Above triple point monolayers do not exhibit 

G phase, but rather LE, LE-LC coexistence, LC, and S phase transitionsééééééé 13  

 

Figure 2.1 Schematic of Langmuir trough and wilhelmy plate 

(a) Schematic of the Langmuir trough.  A ribbon barrier is used to control interfacial area. 

Visualization is obtained via confocal microscopy.  (b) Schematic of Wilhelmy plate.  A 

force is exerted on the plate that is proportional to ‎, the perimeter of the plate ὰ, and the 
cosine of the contact angle —ééééééééééééééééééééééé.. 15  
 

Fig. 2.2 Inverted Langmuir -Shaeffer transfer using a deposition stage 

Films were transferred from the air-water interface onto circular mica discs using a custom 

made stainless steel deposition stage (schematic in panel A). Mica disc is held in place by 

4 pins and a knife edge cuts the monolayer to maintain a fixed area per molecule through 

the deposition process. Schematic in panel B shows monolayer spread on the air-water 

interface of the trough. The film is compressed to desired surface pressure, and then 

lowered onto the mica by removing water from the subphase using a peristaltic pumpé 20  

 

Figure 3.1. Circle to stripe transition at constant surface pressure in phospholipid-

cholesterol monolayers.   

Representative confocal microscopy images of monolayers spread from 3:1 (A to F), 5:1 

(G to L), or 9:1 (M to R) r-DPPC:HD mole ratio with 1.5 mol % DChol at 22 ᴈ. (A, G, 
M) (first column) At low surface pressures “ φ Í.ȾÍ semi-circular domains form 
with a cusp (white arrow). (B,H,N) (second column) Uniformly spaced fingers develop 
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opposite the cusps when compressed to a surface pressure of 7 mN/m. (C, I, O) (third 

column) Holding the surface pressure constant for 3 minutes results in the fingers growing. 

(D, J, P) (fourth column) After roughly 15 minutes, fingers continue to grow and begin to 

coalesce making fewer and wider fingers. (E, K, Q) (fifth column) After 30 minutes, the 

finger growth continues at the expense of the core of the domain. (F, L, R) (sixth column) 

Waiting longer than 60 minutes results in extended stripes of uniform width but variable 

length. The arrows in the second row show that each domain has a single cusp that is 

retained throughout the transition. The average stripe widths in F, L, and R are φȢπ 
πȢσ ‘ά, τȢρ πȢς ‘ά, and τȢπ πȢς ‘ά respectivelyéééééééééééé... 29  

 

Figure 3.2. DPPC chirality determines domain chirality.   

Representative confocal microscopy images of films spread from a 3:1 (A to E), 5:1 (G to 

K), or 9:1 (M to Q) racemic-DPPC:HD mole ratio with 1.5 mol % DChol at 22 ᴈ. (A, G, 
M) Domains assume an elliptical shape at low surface pressures (white arrow indicates 

cusp). (B, H, N) Regularly spaced, axisymmetric fingers form at 7 mN/m opposite the cusp. 

The intermediate morphology follows a similar progression as in the chiral r-DPPC 

mixture. (C, I, O) However, here there is less branching, and the fingers remain straight. 

(D, J, P) Highly aligned stripes of uniform width are found after holding the surface 

pressure constant for longer than an hour. A single cusp is positioned at one end of a stripe. 

The stripe widths in D, J, and O are φȢυ πȢτ ‘ά, τȢτ πȢς ‘ά, τȢπ πȢς ‘ά 
respectively. (E, K, Q) Increasing the surface pressure further after the stripes have been 

formed causes the stripes to become more aligned and decrease in width. The stripe widths 

in E, K, Q are φȢψ πȢτ ‘ά, ςȢω πȢρ ‘ά, ςȢπ πȢρ ‘ά respectively. (F, L, R) FFT of 

lower magnification images of E, K, and Q show multiple orders of reflection and 

demonstrate the uniform spacing and high orientational order of the stripesééééé 32  

 

Figure 3.3. Palmitic acid and hexadecanol are interchangeable.  

Representative confocal microscopy images of films spread from a 3:1 (A to D), 5:1 (E to 

H), or 9:1 (I  to L ) r-DPPC to PA mole ratio with 1.5 mol % DChol at 22ᴈ. Shape 

transitions are similar to those observed in ternary monolayers containing HD (Fig. 1). (A, 

E, I ) Asymmetric, semi-circular domains nucleate at low surface pressures and grow with 

increasing surface pressure. (B, F, J) Increasing the surface pressure to 7 mN/m causes 

finger instabilities with a well-defined spacing to develop. (C, G, K ) Holding the surface 

pressure at 7 mN/m results in finger growth. (D, H, L ) Waiting approximately an hour at 

constant surface pressure results in the conversion of the domains into stripes. The cusp is 

maintained through the entire transition as shown with white arrows. Stripe widths in D, 

H, and L are φȢυ πȢτ, τȢπ πȢς ‘ά, and  τȢς πȢς ‘ά respectively, similar to those 

for DPPC:HD mixtures in Figure 3.1éééééééééééééééééééé. 34 
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Figure 3.4. Cholesterol drives the transition.  

Representative images for 3:1 r-DPPC:HD (A to C), 9:1 r-DPPC:HD with 0.5 mol % 

DChol (D to F), and 9:1 r-DPPC:HD with 4.0 mol % DChol (G to I ). (A to C) Without 

DChol, r-DPPC:HD domains nucleate below 2 mN/m and retain their semi-circular shape 

with a single cusp throughout coexistence up to a surface pressure of 10 mN/m. No 

fingering instability is observed nor a transition to stripes. The same characteristic semi-

circular morphology is observed in films without DChol and in ternary systems containing 

DChol at surface pressures Ò 6 mN/m (compare Figs 3.1A and 3.4A). (D to I) Only with 

the addition of DChol are finger instabilities and shape transitions observed. Increasing the 

DChol composition causes a decrease in the onset surface pressure of the finger instabilities 

(compare D and G), increases the degree of finger branching and spiraling (compare E to 

H), and decreases the equilibrium stripe width (compare F and I). DChol is line active and 

lowers the line tension of the LC-LE interface allowing for complex patternséééé.. 36  

 

Figure 3.5. Crystal stoichiometry is independent of the spreading composition.  

A) The area fraction of the LC phase was calculated for the semi-circular domains at 5 

mN/m before the onset of the fingering instability (Fig. 1A). Data for 1.5 mol % DChol 

with r-DPPC & HD, r-DPPC & PA, and rac-DPPC & HD are plotted as green triangles, 

blue squares, and red circles respectively. The area fractions are identical and composition 

insensitive for a given value of b, the spreading DPPC to HD or PA molar ratio. The lines 

are plots of Eqn. 5 as a function of b for various values of n, the predicted crystal 

stoichiometry ratio. Ratios of n = 1, 2, or 3 are plotted as fine dash, dash, and solid curves 

respectively. The ratio of 2:1 DPPC to HD (or PA) is consistent with the measured LC area 

fractions. B) Grazing Incidence X-ray Diffraction (GIXD) shows increasing DChol content 

from 0 to 8 mol % does not change the lattice spacing of DPPC:HD mixtures. HD excludes 

DChol from the DPPC lattice so the DChol segregates to the LE phase (111). C) GIXD 

shows that in mixtures containing r-DPPC, PA, and DChol the diffraction pattern is similar 

for spreading ratios of 2:1 and 3:1 r-DPPC:PA, whereas the 1:1 r-DPPC:PA mixture 

exhibits a markedly different pattern, supporting the claim that the crystal stoichiometry is 

2:1 (96) (Redrawn from Ref. 39)ééééééééééééééééééééé.. 39 

 

Figure 3.6: Binary crystallization diagram predicts ternary equilibrium shapes.  

A) The black line shows the onset surface pressure for the nucleation of LC phase from a 

binary mixture of r-DPPC and 1.5 mol % DChol as a function of temperature (red 

diamonds). For surface pressures above the line, r-DPPC nucleates LC domains within an 

LE matrix, whereas for surface pressures below the line only LE phase is present. The binary 

coexistence line correlates with the transition between equilibrium circles and stripes 
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observed in ternary mixtures of r-DPPC, HD (or PA), and DChol (Figs. 3.1 to 3.4). It is 

likely that compositional changes along the domain boundary when crossing the binary 

coexistence line are responsible for a reduction in the line tension, which initiates the 

morphology transition. (B to E) Schematic diagram of the processes involved in the circle-

to-stripe transition. B) The initial domains for the ternary mixtures (“ φ Í.ȾÍ) are 

asymmetric in shape with a line tension that varies around the boundary; line tension is 

likely highest near cusp and lowest opposite. The domain composition is 2:1 DPPC:HD, 

with excess DPPC and all the DChol remaining in the LE phase. C) As the surface pressure 

is increased above the binary coexistence line (black line in A), the boundary of the 2:1 

DPPC:HD domains become epitaxially enriched with DPPC which causes a decrease in 

the line tension. D) The reduced line tension enables a Mullins-Sekerka type fingering 

instability. The finger spacing is given by Ὠͯ ὰὰ in which ὰ is a capillary length that 

depends on the line tension and ὰ is a diffusion length that depends on the DPPC 

diffusivity and the crystal growth velocity (See Fig. 7). E) As the system reaches 

equilibrium, the fingers anneal away, and the domains elongate into stripes of uniform 

width with spacing ύ υȢυ‏Ὡ ȟ as shown in Figs. 3.8 and 3.10éééééééé 44 

 

Figure 3.7.  Schematic diagram of the Mullins-Sekerka instability.  

During LC domain growth (dark grey), concentration gradients are set up in the 

multicomponent LE phase (blue) as DPPC is depleted near the domain boundaries. A flat 

growth front is unstable to a sinusoidal fluctuation that compresses the concentration 

gradient at the tips of the fingers (dotted lines) and expands the gradient in the troughs 

between fingers. The higher flux at the fingertips increases the growth rate, while the lower 

flux in the troughs between fingers slows the growth rate, which feeds the instability. 

Opposing the growth instability is the line tension, ‗, which acts to flatten the fingers to 

minimize the length of the boundary. The instability is favored by low line tensions that 

arise as the domain boundaries are enriched in DPPC. The separation between fingers is 

set by Ὠ ͯ φὰὰ in which ὰ Ὀ
ὺ is the diffusion length and ὰ ‗‌ Ўῲϳ   is the 

capillary length, or the ratio of ‗ to ‌ Ўῲ , where Ўῲ ῲ ῲ  is the difference in 

concentration between the 2-D crystal and the melt and ‌ ḳ ‬‘‬ῲϳ  is the convexity 

of the free energy near the equilibrium melt concentration, ῲéééééééééé. 46 

 

Figure 3.8. Individual domains reach an equilibrium stripe width.  

A plot of the dimensionless domain width,  ύ ύ ύϳ  scaled by the critical width ύ 

versus the scaled domain area, ὃӶ ὃύϳ  from Eqns. 11-13. Here the shape transition is 

expected when  ύ ὃӶ ρ (dotted line). Theory predicts two solutions, one for square 
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(ὃӶ ρ) and one for rectangular shapes (ὃӶ ρ). Ternary mixtures of rac-DPPC and HD at 

molar ratios of 3:1 (blue circles), 5:1 (green crosses), or 9:1 (red asterisks) with 1.5 mol % 

DChol show good agreement for ὃӶ values greater than 1 (rectangle shapes). As ὃӶ increases, 
the rectangular domains approach a uniform width independent of their length that is by 

set by the competition between ‗ and ‘. For equal aspect ratio shapes ὃӶ ρ) theory and 

experiment follow the same general trend, however, the transition does not occur at ύ ρ 
due to differences in the energetics of a square (theory) compared to the actual semi-

circular shapeééééééééééééééééééééééééééééé 50 

 

Figure 3.9. Reversible stri pe-to-circle-to-stripe transition by temperature cycling.  

 

A) Stripes are the equilibrium configuration at 22ᴈ and a surface pressure of 8.5 mN/m. 

B) Increasing the temperature to > 25ᴈ at 8.5 mN/m places the system above the binary 

coexistence line in Fig. 3.6A, causing the stripes to shorten and C) eventually revert to the 

same semi-circular shapes present at low surface pressures in Figs. 3.1 to 3.4. This suggests 

that the DPPC layer that grew on the 2:1 DPPC:HD domains melted away, leading to a 

higher line tension boundary. D) The cooling process involves growth of the low line 

tension DPPC boundary, which in turn initiates the Mullins-Sekerka fingering instability. 

E) As the system cools, the fingers grow similar to when the surface pressure is increased 

at a constant temperature. F) Cooling the monolayer back to 22ᴈ causes the stripes to re-

form with similar width to (A).  The process can also be reversed by changes in surface 

pressure at constant temperature (Appendix, Figure S1.11)ééééééééééé.. 54 
 

Figure 3.10. Surface pressure and temperature dependence of the stripe width.  

A) Stripe domains take on an equilibrium shape dictated by a minimum energy 

configuration set by the ratio of line tension to dipole density difference squared, ‗Ⱦ‘Ȣ 

From the stripe widths, w, an estimate of ‗Ⱦ‘ can be obtained from ÌÎ
Ȣ

‗‘ϳ ὔ  

for 1 = ‏ nm.  At all three spreading ratios of DPPC to HD or PA, b = 3 (blue points), 5 

(green points), and 9 (red points) containing 1.5 mol % DChol, ‗Ⱦ‘ was indistinguishable 

when PA replaced HD or rac-DPPC replaced r-DPPC. The initial value of ‗Ⱦ‘ is 
independent of composition, however, this ratio does depend on b as the surface pressure 

is varied. For b = 3, ‗Ⱦ‘ is independent of surface pressure whereas for b = 5 and b = 9, 

‗Ⱦ‘ decreases before reaching a plateau, with b = 9 reaching the lowest values. The line 

width likely depends on the composition at the LE-LC boundary, which changes as a 

function of surface pressure. B) Domain stripe widths are normalized relative to stripe 

width at ςςᴈ. All compositions include 1.5 mol % DChol.  Mixtures containing 3:1 r-

DPPC:PA (blue squares) show minimal temperature dependence, while both 5:1 r-

DPPC:PA (green circles) and 9:1 r-DPPC:PA (red asterisks) show an almost identical 

temperature dependence over the presented temperature rangeéééééééééé. 58 
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Figure 4.1 Role of growth kinetics on domain instabilities and circle to stripe 

transition  

 

Representative fluorescence microscopy images of monolayers spread from 9:1 r-

DPPC:HD with 1.5 mol % DChol at a temperature of 22ᴈ to a constant surface pressure 
of 6.5 mN/m at various compression speeds: 3 cm2/min (A to D), 25 cm2/min (E to H), and 

50 cm2/min (I to L). The finger instability widths are found to get thinner with faster 

compression rates (compare A, E, & I). Holding the surface pressure constant over the 

course of roughly 50 minutes leads the finger instabilities to anneal into stripes of uniform 

width that are invariant to the starting instability widths or compression rate. All 

compression rates led to the same final stripe widths of 3ͯ.5‘άééééééééé. 72 
 

Figure 4.2 Effect of compression speed on finger instability and stripe widths  

 

Measurements of finger instability widths (red circles) and stripe widths (black squares) of 

films composed of 9:1 r-DPPC:HD + 1.5 mol % DChol at a temperature of 22ᴈ and 
compressed to a surface pressure of 6.5 mN/m at varying compression rates (3, 10, 15, 25, 

35, and 50 cm^2/min). Measurements of the finger widths were taken roughly halfway 

between tip of finger and finger webs, see insert for representative example. The finger 

widths decrease linearly with increase in compression rate. In contrast, the stripe width is 

constant and independent of the compression rate (width3ͯ.5 microns). This shows that 

the fingering instabilities are determined by the kinetics of crystal growth. While the stripe 

morphology is an equilibrium state set by the composition, surface pressure, and 

temperature(123)ééééééééééééééééééééééééééé... 74 
 

Figure 4.3 Morphology evolution time as function of compression rate 

 

Measurements of the time required for circular domains with finger instabilities to anneal 

into stripes of uniform width as a function of compression rate. Films composed of 9:1 r-

DPPC:HD + 1.5 mol % DChol at a temperature of 22ᴈ and compressed to a surface 
pressure of 6.5 mN/m. The evolution time of domains with fingers into stripes is 

independent of the compression rateéééééééééééééééééééé. 76 
 

Figure 4.4 Surface pressure quench determines instability finger widths 

 

Representative fluorescence microscopy images of monolayers spread from 9:1 r-

DPPC:HD with 1.5 mol % DChol at a temperature of 22ᴈ compressed at a constant rate 
of 3 cm^2/min to various surface pressures: A) 5.7 mN/m, B) 7.0 mN/m, C) 7.4 mN/m, D) 

7.7 mN/m, E) 8.2 mN/m, and F) 8.5 mN/m. The image progression was taken from the 

same film as it was continuously compressed. As the surface pressure is increased the 
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morphology becomes increasingly dominated by the finger instabilities and less of the 

semi-circular domain core remains. A higher surface pressure quench results in fingers 

becoming thinner and more spiral. This shows that in addition to compression rate (see Fig. 

4.1) the surface pressure quench also influences the finger instability widthséééé 78  
 

Figure 4.5 Effect of surface pressure quench depth on finger widths 

 

Measurements of finger instability widths (black dots) and stripe widths (red crosses) of 

films composed of 9:1 r-DPPC:HD + 1.5 mol % DChol at a temperature of 22ᴈ. Film was 

compressed at a rate of 3 cm^2/min to various surface pressures. For finger instability 

measurements, images taken within 1 minute of achieving the desired surface pressure 

were analyzed. For the stripe widths, the system was allowed to anneal at constant surface 

pressure for roughly 1 hour. Measurements of the finger widths were taken roughly halfway 

between tip of finger and finger webs, refer to Fig. 4.2. Both the finger widths and stripe 

widths decrease nearly linearly with increase in surface pressure. At low surface pressures 

quenches (0-1.5 mN/m) the finger widths evolve into stripes of smaller widths, while at 

higher surface pressure quenches (1.5-3 mN/m) the fingers evolve into stripes of larger 

widthséééééééééééééééééééééééééééééééé 80  
 

Figure 4.6 Quench depth affects how quickly circles evolve into stripes  

 

Representative fluorescence microscopy images of monolayers spread from 9:1 r-

DPPC:HD with 1.5 mol % DChol at a temperature of 22ᴈ. Film was compressed at a 

compression rate of 3 cm^2/min to surface pressure quenches of 0 mN/m (A to C), 1.5 

mN/m (D to F), and 3 mN/m (G to I). The surface pressure quench is defined relative to 

the fingering transition pressure of 6 mN/m (quenches correspond to surface pressures of 

6, 7.5, and 9 mN/m respectively). Film microstructure is shown 1 minute after reaching the 

target surface pressure (initial), half of the time to transition into stripes (mid), and the time 

to reach a complete stripe phase (final). The circle to stripe transition follows the same 

general characteristics for all surface pressure quench depths, however, a higher quench 

depth results in a faster transition from the fingering instabilities to stripes of uniform 

width. Compare transition time in C (0 mN/m, 60 min), F (1.5 mN/m, 30 min), and I (3 

mN/m, 20 min)éééééééééééééééééééééééééééé.. 82  
 

Figure 4.7 Circle to stripe transition time as function of quench depth 

 

Measurements of the time required for circular domains with finger instabilities to anneal 

into stripes of uniform width as a function of monolayer surface pressure. Films are 

composed of 9:1 r-DPPC:HD + 1.5 mol % DChol, subphase is at a temperature of 22ᴈ 
and film compressed at a rate of 3 cm^2/min. The time required for the transition was 

determined from fluorescence imaging and defined as the time at which the film 

morphology was stripes of uniform width that did not change with further wait time. 
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Consistent with Fig. 4.6, we find that a higher surface pressure quench results in a faster 

transition time. We believe that as the surface pressure is increased the driving force to 

transition into stripes increases (line tension decreases significantly, dipole density 

differences remain constant). The starting morphology becomes progressively more stripe-

like as the surface pressure is increased, making it easier to transition into stripes as less of 

the circular domain core needs to be converted into stripes. At high surface pressures (9ͯ 

mN/m), the transition time begins to reach a plateauéééééééééééééé. 84  
 

Figure 5.1 Influence of DChol on surface shear viscosity and solid phase area fraction  

 

Panel A shows surface viscosity vs surface pressure, “ for a 3:1 DPPC:HD + X-mol % 

DChol as recorded by the microbutton technique.  For all compositions there is a 2-3 orders 

of magnitude increase in the surface viscosity in the surface pressure range of 0-8 mN/m 

(region 1) and further increase in surface viscosity of 1-2 orders of magnitude in the surface 

pressure range of 8-40 mN/m (region 2).  DChol does not significantly influence viscosity 

in region 1, but acts to make the film more fluid-like in region 2. Panel B shows the LC area 

fraction (%) vs surface pressure for 3:1 DPPC:HD + X mol % DChol.  We find a linear 

increase in LC area fraction in region 1 and then a plateau in region 2.  The area fraction 

decreases with increasing DChol content in region 2ééééééééééééé... 99 

 

Figure 5.2 2D suspension model relating surface viscosity and LC phase fraction 

Relating surface viscosity to LC phase area fraction using a 2-D suspension model. Panel 

A shows fit of surface viscosity data to Eqn. 1 using a random loose packing approximation 

for the critical area fraction (77.2%). We find the fitting exponent, n, to be 1.967 (1.927, 

2.008 for 95 % confidence interval) and the surface viscosity of the LE phase (y-intercept) 

to be 0.009 ‘ὖὥ ί ά (0.0085 to 0.0099 ‘ὖὥ ί ά for 95 % confidence interval). Panel B 

shows fits to the critical area fraction, AC when the exponent is fixed at n = 2. We find AC 

to be 73 3 %, good agreement with the random loose packing approximation. Surface 

viscosity and area fraction measurements of films composed of 3:1 r-DPPC:HD + X-mol 

% DChol where X ranges from 0, 2, 4, 6, and 8 mol % DChol with a subphase temperature 

of 22ᴈééééééééééééééééééééééééééééééé. 102  

 

Figure 5.3 Cholesterol destabilizes film microstructure  

Films composed of 5:1 r-DPPC:HD with 0, 0.1, 0.5, 1.5, 2.5 and 8 mol % DChol (panels 

A through F respectively). Films transferred at a surface pressure of 5 mN/m and subphase 

temperature of 22ᴈ from the air-water interface onto mica substrates using the inverted 

Langmuir-Shaeffer technique using a custom transfer stage (see Fig. 5.5). AC-mode 
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imaging in the attractive regime shows that the LE phase becomes increasingly 

inhomogeneous and discontinuous with LC-like islands when the content of DChol 

increases (starting at 0.1 mol % DChol). The LC phase is homogeneous at low DChol 

concentrations but develops óchocolate chipô nano-structures similar to the LE phase at 

higher DChol concentrations (greater than 1.5 mol % DChol).  Increasing DChol 

concentration also causes the domain sizes to decrease consistent with the idea that DChol 

acts as a contaminant to crystal growth (compare domain size of ςͯυ‘ά for 0 mol % 

DChol in panel A to ͯ υ‘ά for 8 mol % DChol in panel F)ééééééééééé 105  

 

Fig. 5.4 Intermodulation AFM: LE vs LC phase comparison 

 

Cantilever is driven at two frequencies and when tip is close to the surface non-linear tip-

surface interactions lead to multiple frequencies (panel A). Multiple regions associated 

with the L
E
 phase and L

C
 phase are probed to measure conservative and dissipative forces 

(panel B).  Both L
E
 and L

C
 phases show attractive tip-sample interactions as the oscillation 

amplitude is increased, however the L
E
 phase is more strongly attractive and remains in the 

attractive regime, whereas the L
C
 phase shows a repulsive tip-sample interaction at higher 

oscillation amplitudes (panel C). In the initial attractive tip-sample interaction, the 

dissipative force shows that the L
E
 is significantly more dissipative compared to the L

C
 

phase. And when the LC phase transitions to the repulsive regime, we see that the LC phase 

exhibits a stronger energy dissipation, however the LE phase still remains more dissipative 

overall even though it remains in the attractive regime (panel D)ééééééééé 107  
 

Figure. 5.5 Nano-mechanics of LC and LE phase, 0 mol % DChol 

 

Panels A and B show topography and phase image of film composed of 5:1 r-DPPC:HD 

with 0 mol % Dchol transferred at a pressure of 5 mN/m and subphase temperature of 

22ᴈ from the air-water interface onto mica substrate. AC-mode imaging in the attractive 

regime aimed at gently interacting with the film. Both L
C
 and L

E
 phases are homogeneous 

in height and in phase. L
C
 phase topography appears higher, likely due to compliance 

effects (L
C
 phase being more crystalline) and phase image shows that L

C
 phase is more in 

the attractive regime. Panels C through F show A/A
0
 dependence of phase (panel C and E) 

and fractional energy dissipation per tip-sample interaction at two drive amplitudes to 

probe attractive and repulsive interactions. At low drive amplitudes, both curves follow the 

attractive branch and energy dissipation is slightly larger for the L
E
 phase. At a higher drive 

amplitude, the L
C
 phase jumps to the repulsive branch and thus appears multiple times 

more dissipative due to stronger tip-sample interactionéééééééééééé.. 109  
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Figure 5.6 Nano-mechanics of LC and LE phase, 8 mol % DChol 

 

Panels A and B show topography and phase image of film composed of 5:1 r-DPPC:HD 

with 8 mol % DChol transferred at a pressure of 5 mN/m and subphase temperature of 

22ᴈ from the air-water interface onto mica substrate. AC-mode imaging in the attractive 

regime aimed at gently interacting with the film (panel A shows topography, panel B shows 

phase image). Both L
C
 and L

E
 phase are inhomogeneous. L

C
 phase develops nano-

structures that are in height and phase nearly identical to the L
E
 phase, while the L

E
 phase 

exhibits large L
C
-like islands.  Panels C through F show A/A

0
 dependence of phase (panel 

C and E) and fractional energy dissipation per tip-sample interaction (panel D and F) at 

two drive amplitudes to probe attractive and repulsive interactions. At low drive 

amplitudes, we see both curves follow the attractive branch and energy dissipation is 

slightly larger for the L
E
 phase. At a higher drive amplitude, both the L

C
 and L

E
 phase 

attempt to jump to the repulsive branch but remain largely in the attractive regime. 

Fractional energy dissipation is nearly identical for both phasesééééééééé 111  
 

Figure 5.7 Friction forceï LE vs LC phase comparison 

 

Lateral friction measurements vs cantilever set point for films composed of the binary 

mixture of r-DPPC + 1.5 mol % DChol and ternary mixtures of 5:1 r-DPPC:HD + X mol 

% DChol. Films were transferred from the air-water interface at a surface pressure of 5 

mN/m and subphase temperature of 22ᴈ. For the ternary mixtures, DChol composition 
ranges: 0 (green), 0.1 (black), 0.5 (cyan), 1.5 (magenta), 2.5 (blue), and 8 mol % (yellow). 

The L
E
 phase is shown with triangles and the L

C
 phase is shown with circles. There is no 

systematic trend in the lateral friction measurements with changes in composition. 

However, the L
E
 phase is more dissipative than the L

C
. We draw lines to show the general 

behavior of the data (blue line for L
E
 phase, red line for L

C
 phase)éééééééé 113  

 

Figure 5.8 AFM -Infrared spectroscopy  

All images are 5‘ά by 5‘ά. Topography (panel A), friction image (panel B), AFM-IR-

amplitude (panel C), and AFM-IR frequency (panel D) for a film composed of 5:1 r-

DPPC:HD with trace amount of DChol. Panels A through C show that there is minimal 

contrast within the LC domain under typical AFM acquisition modes, however for an IR 

frequency of 2852 cm-1, we find strong contrast in the IR amplitude and frequency signal 

(panels C and D). We hypothesize that the observed contrast within the LC domains in 

panels C and D are due to stiffness differences caused by changes in the molecular tilt. 116  

 

Figure 6.1  Parallel vs perpendicular surface pressure measurements  
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Anisotropic pressure dependency is maintained throughout a series of -́A isotherm cycles. 

The maximum pressure is independent of the number of compressions. Inset: plate 

orientation and trough geometryééééééééééééééééééééé.. 132  
 

Figure 6.2 GO interaction with wilhelmy plate 

(a) Schematic showing how plate orientation interacts differently with the GO film. GO 

sheets compressed onto the  plate have greater interaction than ᷆. (b) Images of 

Wilhelmy plates with stains from adhered GO sheets after a series of ˊ-A isotherm cycles. 

Yellow line shows approximate contact line. The  plate shows a faint distribution of GO 

sheets higher than contact line. For the  ᷆plate, GO coverage ends slightly above contact 

lineéééééééééééééééééééééééééééééééé... 134 

 

Figure 6.3 Effect of linear mass loading as recorded by ɄṶ   

 

Black and red curves correspond tensiometer (A) and (B) respectively. (a) -́A isotherms 

showed an increase in lift-off area with more material. (b) When rescaled to surface 

concentration we see there is inefficiency during linear mass depositionééééé.. 137 
 

Figure 6.4 Film microstructure using Brewster angle microscopy 

 

Direct correlation between surface pressure Ʉ ᷆ (parallel orientation) and in situ film 

morphology. Complete coverage occurs at low surface pressures.  Images were acquired 

after the initial compression with barriers intermittently stopped to provide for stable 

monolayers.  Scale bar, shown in panel h, is 100 µmééééééééééééé... 140 
 

Figure 6.5 Effect of modulating sub-phase pH to basic 
 

Image progression from (a) no pH tuning to (b) neutral and to (c) basic subphase results in 

low concentrations of material as observed by BAM. ˊ-A isotherms corroborate low 

surface activity and are labeled corresponding to pH.  (Y-axis max of 2 mN/m)ééé 142  
 

Figure 6.6 Effect of modulating sub-phase pH to acidic 

Subsequent pH tuning from basic pH to acidic show at (a) pH 4.0 dilute levels of GO at 

the surface. (b) pH 3.0 shows an increase in GO. (c) pH 2.0 shows an interface nearly 

saturated with GO. These results are in agreement with ́-A isothermséééééé.. 145  
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Figure 6.7: Effect of modulating sub-phase pH ï basic to acidic 

 

 

Continuation from acidic to basic subphase conditions. (a) pH 2.0 shows high surface 

activity. (b) pH 7.0 shows continued surface activity. (c) pH 9 sustains high surface 

activity. GO brought to the surface of the trough by the addition of acid, remains at the 

interface even after returning to basic subphase conditionséééééééééé.. 147   
 

Figure 6.8 Schematic explaining effect of pH modulation 

(a) Schematic depicting H3O
+ ions coordinating by hydrogen bonding around the GO sheet 

in acidic conditions as opposed to basic conditions where hydrogen bonding is more 

difficult to formééééééééééééééééééééééééééé. 151 

 

Figure S1.1 r-DPPC monolayers and binary mixtures of DPPC with 

dihydrocholesterol or 1-hexadecanol.  

Confocal microscopy images of phase separated films; black: semi-crystalline domains of 

liquid condensed (LC), red: liquid expanded (LE) matrix. The preferential partitioning of 

0.75 mol % Texas Red DHPE dye into the LE phase provides the contrast between phases.  

(A to D) Images for dipalmitoylphosphatidylcholine (r-DPPC) (at 23 ᴈ).  A) Domain 

nucleation begins at a surface pressure of 7 ± 0.2 mN/m at   ᴈ   (6 ± 0.2 mN/m @ 22 

ᴈ) and B) further compression leads to multi-lobe branching that (C and D) ultimately 

results in characteristic chiral 3-lobe triskelion structures that grow larger with increasing 

surface pressure.  (E to H) The addition of 1.5 mol % dihydrocholesterol (DChol) results 

(E and F) in smaller domains with similar multi-lobe structures. G) As the film is 

compressed, the line width at a given surface pressure significantly decreases, and the 

degree of branching increases. H) At high surface pressures, the line width decreases below 

our optical resolution. (I to L) The addition of 1-hexadecanol (HD) (3 to 1 r-DPPC to HD 

molar ratio) results in domain nucleation at near-zero surface pressures consistent with a 

more stable LC crystal.  The domains are semi-circular and have a singular cusp that is 

maintained as the domain grows with increasing surface pressure.  All images are 

ρππρππ ʈÍéééééééééééééééééééééééééééé 163  

 

Figure S1.2 Variation in line tension produces cusps  

A) Model variable line tension from Eqn. S5. The line tension is a maximum for — = 0 

which depends on the value of ‍, and decreases symmetrically with ± “. B) Calculated 

domain shapes (Eqns. S6, S7), with the cusp emerging (for ‍ ρ) at the pole where the 

line tension is peaked, which corresponds to — = 0.  These calculated domains are similar 
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to those in Fig. 2 for rac-DPPC. The chirality of the r-DPPC makes the domain shapes 

more complex and breaks the axial symmetryééééééééééééééé 166 

 

Figure S1.3 Simple models for molecular tilt  

A) Schematic diagram of simple, unstructured lipid molecules with different tailgroup (a) 

and headgroup (b) projected areas, here ὥὦ πȢω.  For vertical packing, a gap would exist 

(red arrows) between the molecules and minimal van der Waals interactions. B) If the 

molecules are tilted at ὥὦ ÃÏÓ— πȢω, close packing occurs for  — ςυЈȢ C) Mixing 

large and small headgroup molecules together reduces the overall tilt, increasing the van 

der Waals interactions as there is less offset between the molecules. For more realistic 

molecules with 3-dimensional structure, arbitrary tilt angles are not compatible with closest 

packing (55)ééééééééééééééééééééééééééééé 168 

 

Figure S1.4 All trans structure of alkanes limits number of close packed tilt angles. 

 

A) The all trans configuration of an alkane chain leads to a zig-zag pattern with 0.0254 nm 

between each two carbon atoms and an angle of 109 ï 112̄  .   B)  Untilted all trans alkanes 

can pack most tightly if the  zig-zag patterns are nested and aligned between molecules.  

C) If the alkane chains are  tilted,  only discrete tilt angles can align the zig-zags leading to 

close packing.  Here every other chain is rotates so as to offset the chain one ñzigò. D)  

Here, each chain is offset by a zig-zag leading to a larger tilt, — —.  The actual packing 

motifs of alkanes are further complicated by the real three dimensional shapes of the 

molecules as described in (55)éééééééééééééééééééééé 170 

 

Figure S1.5 Solid phase area fraction images for b:1 spreading solutions 

Confocal images of monolayers of b:1 DPPC:HD spreading solutions for b = 2, 3, 5, and 

9.  The images are thresholded and turned into binary images (black or white) with the 

black representing the LC phase and the white the LE phase.  Image analysis with Image J 

is used to calculate the fraction of black pixels in each image.  In the example images: for 

b = 2, the fraction of black LC phase ‰ πȢψπ. For b = 3, ‰ πȢφρ, for b = 5, ‰ πȢσσ 

and for b = 9, ‰ πȢρω.  From Eqn. 5, analyzing all available images for each composition 

results in ὲ  ςȢπρ πȢς, or the actual ratio of DPPC to HD or PA in the LC crystals is 

2:1. All images are ςππςππ ʈÍéééééééééééééééééééé.. 175 

 

Figure S1.6 Binary r-DPPC + 1.5 mol % DChol as a function of temperature  
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As the temperature is increased, the nucleation of the LC phase (black) occurs at higher 

surface pressures. As the surface pressure is increased at a given temperature, the domains 

develop multiple lobes that decrease in width. Within a range of 4-5 mN/m from the start 

of nucleation, the domain widths reach the resolution limit of our confocal microscope. 

The crystallization phase diagram (Fig. 3.6A) of the binary phase (red diamonds) were 

determined by recording the temperature at which domains first become visible during 

monolayer compression as a function of subphase temperatureééééééééé 177 

 

Figure S1.7 Increasing DChol mol fraction does not alter the coexistence surface 

pressure  

Isotherms of DPPC and various fractions of DChol.  The coexistence plateau surface 

pressure of ~ 7 mN/m is indistinguishable for 0 ï 5 mol % DChol at 23 ᴈ. From Ref. 

38ééééééééééééééééééééééééééééééééé 178 

 

Figure S1.8 2:1 r-DPPC:HD + 1.5 mol % DChol does not undergo fingering instability 

or circle-to-stripe transition  

Compression of the 2:1 r-DPPC:HD  + 1.5 mol % DChol system does not induce a 

fingering instability as the surface pressure is increased or a transition to stripes. This is 

consistent with the hypothesis that the LC domain composition is fixed at 2:1 DPPC:HD 

mole ratio. All images are ρππρππ ʈÍééééééééééééééééé.. 179 

 

Figure S1.9 Chemical potential field across a planar solid-liquid interface from Eqn. 

S14. 

ééé............................................................................................................................ 184 

 

Figure S1.10 Dispersion relation between the amplification rate and the 

wavenumber. 
 

ééééééééééééééééééééééééééééééééééééé. 188 

Figure S1.11 Reversibility via surface pressure at constant temperature 

Representative images for 5:1 r-DPPC:HD + 1.5 mol % DChol. The stripe widths are 

reversible during monolayer expansion (reduction of surface pressure) at constant 

temperature (22ᴈ). Compare to Fig. 1 (second row) for the circle-to-stripe transition as the 

surface pressure is increased. Decreasing the surface pressure below the binary phase 
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crystallization conditions (22ᴈ and 6 mN/m) results in stripes reverting back to circles. 

The time scale for the conversion from stripes to circles depends on the details of the 

experiment. We find the transition to occur on the order of minutes when the pressure is 

slightly below the crystallization conditions, and as fast as several seconds when the 

surface pressure is quickly brought near to 0 mN/m.  All images are ρππρππ ʈÍé 193  

 

Figure S1.12 Replacing insoluble fluorescent lipid dye with soluble dye 

Replacing the insoluble Texas Red DHPE lipid dye that resides in the monolayer with  

the green water-soluble Rhodamine 123 does not change the fingering instabilities or the 

circle to stripe transition. The rhodamine preferentially adsorbs to the LE phase domains. 

All images are ρππρππ ʈÍéééééééééééééééééééééé 195 

 

Figure S2.1 Phase behavior of r-DPPC, HD, and DChol mixtures 
 

Panel A shows representative “-A isotherms for a range of DPPC to HD ratios with 
constant DChol concentration: b:1 r-DPPC:HD + 1.5 mol % DChol. Shift in the curves 

towards larger areas as the amount of DPPC increases relative to HD going from 1:1 

(50:50), to 2:1 (66:33), to 3:1 (75:25). All curves are similar for spreading ratios larger than 

3:1. Panel B shows the “-A isotherms for a fixed ratio of DPPC to HD while the DChol 
composition is varied: 3:1 DPPC:HD + X mol % DChol system. The addition of DChol 

initially causes the curves to shift towards smaller areas (0 to 2 to 4 mol % DChol) 

indicating that DChol induces more ordering within the LE phase. Further addition of 

DChol does not significantly alter the isothermsééééééééééééééé 197 
 

Figure S2.2 Schematic of microbutton for surface rheology measurements 

 

Panel A shows image of image of Langmuir trough modified to fit microbutton 

instrumentation coupled with a confocal microscope for visualization of interface (UCSB- 

Squires Group). Panel B shows schematic of the associated electromagnetics that provide 

torque to rotate the microbutton. Panel C shows material composition of the microbutton. 

Figure reproduced with permission from ref Choi et al (2011).(199)ééééééé. 198 
 

Figure S2.3 Inverted Langmuir-Schaefer transfer using a deposition stage 

 

Films were transferred from the air-water interface onto circular mica discs using a custom 

made stainless steel deposition stage (schematic in panel A). Mica disc is held in place by 

4 pins and a knife edge cuts the monolayer to maintain a fixed area per molecule through 

the deposition process. Schematic in panel B shows monolayer spread on the air-water 
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interface of the trough. The film is compressed to desired surface pressure, and then 

lowered onto the mica by removing water from the subphase using a peristaltic pumpé199 
 

Figure S2.4 High resolution imaging at LC ï LE boundary, 0 mol % DChol 

 

Panels A and B show topography and phase image of film composed of 5:1 r-DPPC:HD 

with 0 mol % Dchol transferred at a pressure of 5 mN/m and subphase temperature of 

22ᴈ from the air-water interface onto mica substrate. AC-mode imaging in the attractive 

regime aimed at gently interacting with the film. Both L
C
 and L

E
 phases are homogeneous 

in height and in phase. L
C
 phase topography appears higher, likely due to compliance 

effects (L
C
 phase being more crystalline) and phase image shows that L

C
 phase is more in 

the attractive regime. Panels C through F show A/A
0
 dependence of phase (panel C and E) 

and fractional energy dissipation per tip-sample interaction at two drive amplitudes to 

probe attractive and repulsive interactions. At low drive amplitudes, both curves follow the 

attractive branch and energy dissipation is slightly larger for the L
E
 phase. At a higher drive 

amplitude, the L
C
 phase jumps to the repulsive branch and thus appears multiple times 

more dissipative due to stronger tip-sample interactionéééééééééééé. 200 
 

Figure S2.5 High resolution imaging at LC ï LE boundary, 0.1 mol % DChol 

 

Panels A and B show topography and phase image of film composed of 5:1 r-DPPC:HD 

with 0.1 mol % DChol transferred at a pressure of 5 mN/m and subphase temperature of 

22ᴈ from the air-water interface onto mica substrate. AC-mode imaging in the attractive 

regime aimed at gently interacting with the film (panel A shows topography, panel B shows 

phase image). L
C
 phase is homogeneous, whereas L

E
 phase exhibits large L

C
-like islands.  

Panels C through F show A/A
0
 dependence of phase (panel C and E) and fractional energy 

dissipation per tip-sample interaction (panel D and F) at two drive amplitudes to probe 

attractive and repulsive interactions. At low drive amplitudes, we see both curves follow 

the attractive branch and energy dissipation is nearly identical. At a higher drive amplitude, 

both the L
C
 and L

E
 phase remain in the attractive regime. Fractional energy dissipation is 

nearly identical for both phasesééééééééééééééééééééé.. 201 
 

Figure S2.6 High resolution imaging at LC ï LE boundary, 0.5 mol % DChol 

 

Panels A and B show topography and phase image of film composed of 5:1 r-DPPC:HD 

with 0.5 mol % DChol transferred at a pressure of 5 mN/m and subphase temperature of 

22ᴈ from the air-water interface onto mica substrate. AC-mode imaging in the attractive 

regime aimed at gently interacting with the film (panel A shows topography, panel B shows 

phase image). L
C
 phase shows some nano-structures that appear to be similar to L

E
 phase, 
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whereas L
E
 phase exhibits large L

C
-like islands.  Panels C through F show A/A

0
 

dependence of phase (panel C and E) and fractional energy dissipation per tip-sample 

interaction (panel D and F) at two drive amplitudes to probe attractive and repulsive 

interactions. At low drive amplitudes, we see both curves follow the attractive branch and 

energy dissipation is nearly identical. At a higher drive amplitude, both the L
C
 and L

E
 phase 

remain in the attractive regime. Fractional energy dissipation is nearly identical for both 

phasesééééééééééééééééééééééééééééééé.. 202 
 

Figure S2.7 High resolution imaging at LC ï LE boundary, 1.5 mol % DChol 

Panels A and B show topography and phase image of film composed of 5:1 r-DPPC:HD 

with 1.5 mol % DChol transferred at a pressure of 5 mN/m and subphase temperature of 

22ᴈ from the air-water interface onto mica substrate. AC-mode imaging in the attractive 

regime aimed at gently interacting with the film (panel A shows topography, panel B shows 

phase image). The addition of DChol does not change the LC phase topography or phase 

image homogeneity.  However, the LE phase develops nano-structures that appear similar 

to the LC phase both in height and in phase. Panels C through F show A/A0 dependence of 

phase (panel B and E) and fractional energy dissipation per tip-sample interaction (panel 

C and F) at two drive amplitudes to probe attractive and repulsive interactions. At low 

drive amplitudes, we see both curves follow the attractive branch and energy dissipation is 

slightly larger for the LE phase. At a higher drive amplitude, both phases jump to the 

repulsive branch and the LE phase remains slightly more dissipativeééééééé 203 

 

Figure S2.8 High resolution imaging at LC ï LE boundary, 2.5 mol % DChol 

 

Panels A and B show topography and phase image of film composed of 5:1 r-DPPC:HD 

with 2.5 mol % DChol transferred at a pressure of 5 mN/m and subphase temperature of 

22ᴈ from the air-water interface onto mica substrate. AC-mode imaging in the attractive 

regime aimed at gently interacting with the film (panel A shows topography, panel B shows 

phase image). Only the L
C
 phase was imaged, there the circular nano-domains are taken to 

be representative of the LE phase. Panels C through F show A/A
0
 dependence of phase 

(panel C and E) and fractional energy dissipation per tip-sample interaction (panel D and 

F) at two drive amplitudes to probe attractive and repulsive interactions. At low drive 

amplitudes, we see both curves follow the attractive branch and energy dissipation is nearly 

identical. At a higher drive amplitude, both the L
E
 phase remains in the attractive regime 

whereas the L
C
 phase jumps to repulsive regime thus L

C
 phase shows higher fractional 

energy dissipationééééééééééééééééééééééééééé 204 
 

Figure S2.9 High resolution imaging at LC ï LE boundary, 8 mol % DChol 



  xxv  

 

Panels A and B show topography and phase image of film composed of 5:1 r-DPPC:HD 

with 8 mol % DChol transferred at a pressure of 5 mN/m and subphase temperature of 

22ᴈ from the air-water interface onto mica substrate. AC-mode imaging in the attractive 

regime aimed at gently interacting with the film (panel A shows topography, panel B shows 

phase image). Both L
C
 and L

E
 phase are inhomogeneous. L

C
 phase develops nano-

structures that are in height and phase nearly identical to the L
E
 phase, while the L

E
 phase 

exhibits large L
C
-like islands.  Panels C through F show A/A

0
 dependence of phase (panel 

C and E) and fractional energy dissipation per tip-sample interaction (panel D and F) at 

two drive amplitudes to probe attractive and repulsive interactions. At low drive 

amplitudes, we see both curves follow the attractive branch and energy dissipation is 

slightly larger for the L
E
 phase. At a higher drive amplitude, both the L

C
 and L

E
 phase 

attempt to jump to the repulsive branch but remain largely in the attractive regime. 

Fractional energy dissipation is nearly identical for both phasesééééééééé 205 
 

Figure S2.10 High resolution imaging at LC ï LE boundary, stripe phase 1.5 mol % 

DChol 

 

Panels A and B show topography and phase image of film composed of 9:1 r-DPPC:HD 

with 1.5 mol % DChol that was held at 7 mN/m for nearly an hour to allow for circle to 

stripe shape evolution and then transferred onto mica substrate. Scale bar is 4‘ά. AC-mode 
imaging in the attractive regime aimed at gently interacting with the film (panel A shows 

topography, panel B shows phase image). In contrast to the circle morphology, for stripes 

the L
E
 phase is relatively homogeneous while the L

C
 phase has many nano-structures. 

Panels C through F show A/A
0
 dependence of phase (panel C and E) and fractional energy 

dissipation per tip-sample interaction (panel D and F) at two drive amplitudes to probe 

attractive and repulsive interactions. At low drive amplitudes, we see both curves follow 

the attractive branch and energy dissipation is slightly larger for the L
E
 phase. At a higher 

drive amplitude, both the L
C
 and L

E
 phase jump to the repulsive branch (although L

E
 phase 

occasionally remains in attractive regime). Fractional energy dissipation is slightly higher 

for L
E
 phaseééééééééééééééééééééééééééééé. 206 

 

Figure S2.11 Friction imaging ï LE vs LC phase comparison 

 

Contact mode AFM where the cantilever set point was gradually increased. 5:1 r-DPPC:HD 

+ 0.1 mol % DChol. Panel A and B show the film topography and deflection. Panel C 

shows how the set point was varied, and panel D shows the calculated lateral friction. 

Various regions were then analyzed to obtain friction measurements for the L
E
 and L

C
 

phasesééééééééééééééééééééééééééééééé.. 207 

 

Figure S2.12  LC area fraction  vs surface pressure 
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Sample compositions of 3:1 DPPC:HD + X mol % of DChol.  We find a linear increase in 

LC area fraction for all chol content for “ = 0 ï 8 mN/m and a plateau for “ = 10 -16 mN/m.  

The plateau area fraction decreases for increasing chol contentééééééééé 208  

 

Fig. S2.13 Morphology on air-water interface and after transfer onto mica 

 

Panels A shows the morphology at the air-water interface and panel B shows the 

morphology when film was transferred onto a mica substrate using the inverted Langmuir-

Schaefer technique. At optical resolution, there are minor differences in the domain 

morphologyééééééééééééééééééééééééééééé. 209 

 

Figure S3.1 Wide-angle X-ray diffraction   

WXRD patterns were acquired on the dry GO (synthesized via the Tour-Marcano method) 

using a PANalytical X-Pert Pro MPD X-ray Diffractometer equipped with a Co source (45 

kV, 40 mA, k = 1.790A°) and an X-Celerator detector. Data was collected for 2ⱥ ranging 

from 5o to 60o in increments of 0.02° and a dwell time of 2.0s. The dry sample was first 

ground into a fine powder in a porcelain crucible, before loading 50 mg onto the quartz 

sample holderéééééééééééééééééééééééééééé.. 211 

 

Figure S3.2: X-ray photoelectron spectroscopy  

 

XPS spectra were collected using an SSX-100 instrument (Surface Science Laboratories, 

Inc.) equipped with a 200W high throughput bent quartz crystal monochromated Al KŬ X-

ray source, a hemispherical sector analyzer (HSA) and a resistive anode detector. The 

sample powder was mounted in a flat layer on the sample holder using double-sided carbon. 

The base pressure of the XPS system was 6.0 x 10-10 Torr. During the data collection, the 

pressure was ca. 1.0 x 10-8 Torr. A low-energy electron beam (10 eV) was applied for 

charge neutralization of the insulating sample to prevent charge build up. The X-ray spot 

size was 1 x 1 mm2, which corresponded to an X-ray power of 200 W. The survey spectrum 

was collected using 10-16 scans at 150 eV pass energy and 1 eV/step. The high resolution 

spectra were collected using 50 eV pass energy and 0.1 eV/step. Atomic compositions were 

calculated from the survey spectra using the ESCA HAWK software. For high resolution 

data, the lowest binding-energy C 1s peak was set at 285.0 eV and used as the reference 

for all of the other elements. The curve fitting used a combination of Gaussian/Lorenzian 

function with the Gaussian percentages being at 80% or higher. XPS spectrum for Tour-

Marcano GO shows that the elemental composition is primarily C and O, with each peak 

deconvoluted and resolved in the insets to reveal different bonding environments. C:O ratio 

= 1.67 as computed from the peak integrations under the C1s and O1s peaks 

respectivelyééééééééééééééééééééééééééééé. 212 
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Figure S3.3 Raman spectroscopy  

Result for Tour-Marcano GO in powder form. A Witec Alpha 300R confocal Raman 

microscope equipped with a UHTS200 spectrometer and a DV401 CCD detector from 

WITec (Ulm, Germany) was employed to collect Raman spectra. An Ar-ion laser with a 

wavelength of 532 nm, a 10x lens and a power of 6 mW was used for excitation. The data 

was collected over 30-60s. The sample was deposited as a flat layer of dry powder on glass 

slides for the measurement. D:G band ratio calculated to be 2.0 based on peak integrations 

under the two bands seen in the spectruméééééééééééééééééé 213 

 

Figure S3.4 Size distribution of GO sheets 

Tour-Marcano GO size distribution data using combined characterization of fluorescence 

quenching microscopy and atomic force microscopy.  Line is a log normal fit to the data. 

Diameter obtained is estimated as 1.34± 1.21 micronsééééééééééééé 214 

 

Figure S3.5 GO Sheets on Solid Substrate 

Fluorescence Quenching Microscopy Image (FQM) of  GO film deposited on a glass 

coverslip through Langmuir-Shaefer deposition at ˊ = 6 mN/m.  As has been previously 

observed there are large open spaces with no GO sheets in this solid substrate deposition. 

This contrasts our observations of a completely covered surface.  Scale bar 50 

micronsééééééééééééééééééééééééééééééé 215 

 

Figure S3.6 Wilhelmy plate calibration 
 

10 µL deposition of 0.5 mg/mL DMPC lipid in chloroform. Pressure-area isotherms are all 

identical within experimental error regardless of Wilhelmy plate orientation. (a) 

tensiometer A; (b) tensiometer B according to experimental set upéééééééé 216 

 

Figure S3.7 Variation in Coverage at Low Concentration 

 

Langmuir isotherms for two Wilhelmy plates, both in perpendicular orientation.  At low 

concentrations, 1 and 2 units of GO, the difference is significant suggesting 

inhomogeneous film coverage.  With the addition of GO isotherms converge to agree.  1 

unit of GO is 0.0625 mg of material in solutionééééééééééééééé... 217 

 

Figure S3.8 Aspiration and Monolayer Self-Healing 
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GO at the air-water interface is not self-healing after aspiration.  In this experiment two 

Wilhelmy plates (Plates A & B) both in the perpendicular orientation are used to test for 

surface pressure differences before and after the surfaces is aspirated.  A series of 

compressions are performed and then while the film is compressed, material is aspirated 

from the interface close to plate A as shown in Figure S8.a. We open the barriers and let 

the system rest for one hour. Figure S8.b shows the pre-aspiration and post-aspiration ˊ-A 

isotherms. Both pre-aspiration curves show a homogenous coverage of material at the 

interface. However, post-aspiration curves indicate an inhomogeneous GO coverage. 

These results agree with the conclusion that GO sheets become interlocked after film 

compression, and thus are unable to reorganize on the interface within the time frame of a 

-́A isotherm compression experimentééééééééééééééééééé 218 

 

Figure S3.9 GO Surface Time Evolution pH 3.0 

After incorporation of HCl the GO surface is monitored.  Over the course of 1 hour a 

significant number of sheets comes to the surfaceéééééééééééééé. 219 

 

Figure S3.10: Acid-Base-Acid pH Experiment 

 

Acid, Base, Acid progression is consistent with reported observation that GO remains at 

the surface one the monolayer has become acidicééééééééééééééé 220 

 

Figure S3.11 XPS Survey of GO (no pH modulation) 

The XPS measurements were performed on a PHI Versa Probe III XPS system (ULVAC-

PHI) using a monochromated Al Ka X-ray source (1486.6 eV).  The base pressure was 5.0 

x 10-8 Pa.  During data collection, the pressure was ca. 1.0 x 10-6 Pa.  Each sample was 

mounted on a stainless steel holder using a piece of carbon sticking tape.  The samples 

were not conductive and the charge neutralization was used.  The X-ray spot size was 0.1 

x 0.1 mm2 with a power of 25 W under 15 kV.  The survey spectra were collected using 

280 eV pass energy and 1.0 eV/step.   The high resolution spectra were collected using 26 

eV pass energy and 0.1 eV/step.  In order to minimize the substrate interference, a number 

of spots were surveyed on each sample.  Silicon was detected on each spot.  The 

measurements were conducted at the spots with the lowest Si percentages (atomic 1-2%).  

The atomic percentages were calculated from the survey spectrum using the Multipak 

software provided with the XPS system.  For the high resolution data, the lowest binding 

energy C1s peak was set at 285.0 eV and used as the reference for all of the other elements.  

The curve fitting used a combination of Gaussian/Lorenzian function with the Gaussian 
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percentages being 80% or higher.  XPS survey analysis of neutral pH GO with no pH 
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XPS survey analysis of KOH-modulated GO to pH = 10. C:O = 2.49ééééééé 222 

 

Figure S3.13 XPS Survey of GO (acidic pH modulation) 

XPS survey analysis of HCl-modulated GO to pH = 2. C:O = 1.87éééééééé. 223 
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Chapter 1: Introduction  

 

1.1 Overview of dissertation 

 

Surfactants reduce the interfacial tension between two interfaces and are found in 

all aspects of life from cell membranes to personal care products. In our lungs we have 

lung surfactant (LS), a monolayer composed of lipids and proteins that lines the air-water 

interface of the alveoli. Fatal respiratory disorders due to the lack of inhibition of LS require 

replacement LS (RLS) treatments. All current clinical RLS treatments are animal-derived 

and this motivates the development of a synthetic formulation. One of the major challenges 

in developing a synthetic RLS therapy is establishing an ideal composition. We believe 

that in order to identify the role of composition it is important to simplify the number of 

components. Natural LS is composed of many constituents, however the most important 

are dipalmitoylphosphatidylcholine (DPPC) and hexadecanol (HD) or palmitic acid (PA). 

DPPC is by far the largest component (by weight percent) of LS and HD or PA 

(interchangeable) are known to help stabilize DPPC. This work will focus on elucidating 

the role of dihydrocholesterol (DChol), a component that is debated to be part of natural 

LS and whose role in determining LS function is not well understood. We aim to establish 

the structure-property relationship of LS by utilizing confocal and atomic force 

microscopy, surface tensiometry, and interfacial micro-rheology.  This dissertation can be 

sub-divided into three sections: 1) fundamental understanding of how composition affects 
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microstructure and phase behavior, 2) role of composition in determining how LS might 

spread on the alveolar interface by studying film surface rheology, and 3) investigation of 

the nano-mechanical properties of LS films with the goal of connecting film microstructure 

to film rheology.  

 In this work we present a spontaneous evolution of semi-circular domains 

transitioning to stripes of uniform width via a fingering instability at constant surface 

pressure and temperature. LS monolayers are known to phase separate; crystalline-like 

domains grow in a liquid-like matrix due to the competition between interfacial and 

electrostatic interactions. It is found that semi-circular domains form at low levels of 

system compression with a crystal stoichiometry of 2:1 DPPC to HD/PA stoichiometry 

ratio (as indicated by mass balance and x-ray diffraction). As this co-crystal nucleates and 

grows, HD or PA is depleted from the liquid phase and excess DPPC and all the DChol is 

concentrated in the liquid phase. As the interfacial tension of the system is decreased the 

excess DPPC from the liquid phase epitaxially grows on the existing crystal and this causes 

the line tension of the resultant domains to decrease. This decrease in line tension is 

sufficient that perturbations of the domain boundary result in fingering instabilities 

(Mullins-Sekerka theory) on the order of several microns (domains are tens of microns). 

The domain shape then transitions towards a stripe phase due to the system now being 

electrostatically dominated as a function of time at static experimental conditions. It is 

further shown that this circle to stripe transition is reversible and follows an equilibrium 

theory. Thus, we effectively show that a system can spontaneous transition from a 

kinetically trapped state to an equilibrium state via an instability growth pattern.  
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Understanding the rheological properties of these films is directly related to LS 

performance, as LS requires a low surface viscosity during inhalation (film needs to 

quickly respread on the alveolar interface) yet also requires a high surface viscosity during 

exhalation (in order to resist Marangoni flow due to pressure differences between different 

regions of the lung). It was found that our model system increases roughly 3 orders of 

magnitude during the domain growth stage at low surface pressures (“ < 8 mN/m) and then 

begins to plateau at higher surface pressures (“ > 8 mN/m). We proposed that the initial 

increase in surface viscosity is due to domain-domain interacts and model the system using 

a 2D hard disk suspension model. The addition of DChol does not change the initial abrupt 

increase in surface viscosity at low surface pressures, however, DChol does systematically 

lower the surface viscosity at higher surface pressures. This shows that DChol acts to make 

the interface less dissipative. 

Finally, we transferred our model LS films from an air-water interface onto 

supported substrates and investigated their nano-mechanical properties using atomic force 

microscopy (AFM). Instead of using the standard Langmuir-Blodgett (LB) technique 

(vertical dipping), we placed a deposition stage containing our substrate in the subphase 

and slowly lowered the film until transfer. This allowed for fluorescence imaging through 

the entire transfer and allowed us to establish that the microstructure remained unchanged 

by the transfer process. Films were found to be highly continuous and homogenous at 

optical length scales. However, at high resolution using AFM we found that the addition 

of DChol (starting at 0.1 mol % DChol) to our model LS system resulted in morphological 

inhomogeneities of the liquid-like phase at the 100ôs of nanometer length scale. And the 
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addition of roughly 1.5 mol % DChol the crystalline phase developed ñchocolate chipò 

nano-structures of size 10ôs of nm. Using a combination of friction, phase, and 

intermodulation imaging we show that the addition of DChol increases the liquid-like 

phase, which is found to be highly dissipative. Thus, we find a conflict in material 

properties, the monolayer becomes less dissipative with DChol, yet more of the dissipative 

phase is present with addition of DChol. We believe that the decrease in domain size and 

decrease in film percolation leads to greater lubricative effects between domains, 

explaining the fluidizing effect of DChol.  

Overall, this dissertation elucidates the structure-property relationship of mixtures 

of phospholipids and cholesterol. We connect film microstructure, phase behavior, surface 

rheology, and nanomechanical properties to provide a comprehensive study of the 

fundamental properties of LS.  

1.2 Introduction to lung surfactant  

 

 Molecules situated at an interface possess additional energy compared to molecules 

situated in the bulk.  Substances that change interfacial energies are termed surfactants and 

are found in all aspects of life, from technological applications such as detergent, to 

biological functions that keep us alive and the subject of my research, lung surfactant (LS).  

LS is a complex mixture of lipids and proteins that line the alveolar walls in the lungs.(1-

3)  LS makes breathing possible by lowering the pressure differential required to inflate 

the lungs during inhalation,(4) while promoting uniform lung inflation and preventing the 

accumulation of fluids during exhalation.(1-3)  Lack or inhibition of LS can also lead to 
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life threatening conditions in premature infants, children, and adults.(1)  This motivates 

understanding the role that composition(5-7), structure(8-10), and phase behavior(11) play 

in determining function and ultimately develop novel surfactant formulation.  

 

1.3 Lung Surfactant Function 

 

 LS modulates and lowers the otherwise high surface tension (‎) of the aqueous-air 

interface of the millions of alveoli in the lungs to allow for proper respiration.(4)  The 

crucial role of LS in lowering ‎ can be understood by considering the physical changes 

that occur during breathing.  During exhalation, the alveoli decreases in both volume and 

surface area and since ‎ acts to minimize surface area, high surface tension during 

exhalation would result in alveoli shrinkage and ultimately collapse.(12)  During the first 

moments of inhalation, low ‎ is what allows the alveoli to quickly expand, as ‎ is the 

energy required to create new interfacial area.  Physiologically, air flows through the lungs 

due to a negative pressure differential caused by the motion of the diaphragm. This 

generates a lower pressure in the pleural sac ὖ  relative to the ambient pressure ὖ : 

ὖ ὖ  ͯ φ ρπ ÍÍ (Ç.  The conventional model of the alveoli is a ñspherical 

bubbleò of radius Ὑ, where the capillary pressure increase inside the alveolus is given: 

ὖ ὖ ɝὖ  . This equation is commonly known as the Laplace equation.  Here 

ὖ  is the pressure inside the alveolus.  If we assume that the lung fluids have the same 

surface tension as water ‎ χς Í.ȾÍ  and an average radius,  Ὑ ρππ ʈÍ(13), then 

ɝὖ ͯ ρρ ÍÍ (Ç, which would prevent air from flowing into the lungs. For regular 
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breathing, ‎ must be less than ςπ Í.ȾÍ.  The absence or inactivation of lung surfactant 

would impede normal air flow, oxygenation, and removal of carbon dioxide, and is 

associated with respiratory diseases in both infants and adults.(12, 14) 

 

1.4 Rheological Changes Required by Surface Tension Gradients  

 

 During exhalation, there is a surface tension gradient between the trachea (wind 

pipe), bronchi (‎ ͯ σπ Í.ȾÍ  and deep in the lungs (alveolus, ‎ ͯ π Í.ȾÍ .(15)   Such 

gradients will induce a Marangoni (surface tension gradient) flow from low to higher ‎ 

regions,  effectively removing LS from the alveolus.(15)  However, everyday experience 

suggests that this is not the case; an essential question is what stabilizes LS against the 

induced convective flow.(15)  Our groupôs ongoing work has shown that there is a dramatic 

change in the rheological properties, namely, the surface viscosity of LS films with ‎ and 

composition, that might counteract the convective flow and keep LS where it belongs.(15-

20)          

 Consider the two limits of surface tension, at minimum (near zero at full exhalation 

and minimal alveolar area) and at maximum (30 - 40 mN/m following inhalation at 

maximum alveolar area).  During exhalation, ‎ is near zero and it is likely necessary to 

have a high surface viscosity to resist the Marangoni flow.  At maximum ‎, it is likely 

desirable to have a much lower surface viscosity to facilitate rapid re-spreading of LS 

during inhalation or rapid spreading of LS during initial application of RLS to patients, as 

the driving force for the Marangoni flow is minimized.(15)  The implication of this 
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hypothesis is that surface viscosity and surface tension must be functions of surface 

concentration.  It seems plausible that surface viscosity is also coupled to monolayer phase 

transitions and morphological variations.  This motivates the investigation of LS 

monolayer structure and phase behavior as it relates to rheological properties, and 

ultimately determine how these properties together relate to physiological function and 

performance. 

 

1.5 Motivation ï respiratory disorders 

 

Premature infants with underdeveloped type II pneumocytes (responsible for 

production of LS) can develop Neonatal Respiratory Distress Syndrome (NRDS).(1, 14)   

NRDS is characterized by poor lung compliance, atelectasis, and low oxygen content in 

the blood.(1, 14)  These complications can be fatal if not properly treated.  The mortality 

rates vary with the degree of gestation, however, if an infant is born prior to 30 weeks of 

gestation, the mortality rate is estimated at 50 %.(21)  Each year in the US, there are an 

estimated 50,000 premature babies at risk of developing NRDS.(1)   

Inhibition or dysfunction of LS in adults can lead to the condition Acute RDS 

(ARDS) which has similar symptoms as NRDS, but also includes severe inflammation, 

rapid breathing, severely low blood oxygenation, and the flooding of the lungs with 

fluids.(3, 21-23)  ARDS can affect people of all ages, and it originates from severe lung 

trauma such as pneumonia and similar diseases such as lung contusion or damage, drug 
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overdose, or the intake of toxins. (3, 22)  Figure 1.1 shows a schematic of the difference 

between a healthy alveolus and an injured one.(22)   
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Figure 1.1 Schematic of healthy vs. injured alveolus 
 

Adapted from Ware et al. 2000.  Lung surfactant forms an interfacial layer to reduce the 

air-liquid surface tension to < 10 mN/m. Severe injury can lead to inflammation, and blood 

serum infiltrates into the alveoli, which can inhibit LS function, leading to respiratory 

distress.  
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ARDS, unlike NRDS, is a result of injury or another disease and thus it is a 

challenge to identify a single cause of origin.(24, 25)  Analysis of the lung fluid in ARDS 

patients typically finds increased levels of blood serum proteins, whom likely infiltrated 

from the surrounding capillaries.(26, 27)   The proteins in blood serum, in particular 

albumin and fibrinogen, may disrupt and inactivate LS by competing for the alveolar 

interface as these proteins are also surface-active.(22, 28-36)   Inflammation processes, in 

particular lipases such as Phospholipase A2, can cleave lung surfactant 

phosphatidylcholines into lysolipids and fatty acids.(3, 37)  Cholesterol is also found in the 

alveolar fluids of ARDS patients, and it is believed that high levels of cholesterol prevents 

LS from reaching near-zero ‎ by altering the lipid phase behavior and fluidity.(17, 19, 38-

41)  However, the role that cholesterol plays at lower concentrations is still debated. 

Cholesterol is carefully removed from the clinical lung surfactant replacements Survanta 

and Curosurf, but deliberately left in Infasurf.(7, 17) The mechanisms for respiratory 

disruption are complex, and thus an effective treatment  will need to be multifaceted.   In 

my thesis research, I will attempt to relate the dynamic properties of interfacial films of 

clinical and model lung surfactants with their phase behavior, morphology and 

composition.  Understanding this structure-function relationship will help guide the 

formulation of next-generation LS.  

 

1.6 Compositional variations in replacement lung surfactant therapies 

 

Current NRDS surfactant therapies are dominated by animal-derived replacement 

LS (RLS) obtained from porcine (Curosurf) and bovine (Survanta, Infasurf) sources.  The 
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introduction of LS replacement therapy has reduced infant mortality by 10% in developed 

countries.(21)  However, problems exist; animal derived RLS have large variations in 

composition from batch to batch, a high cost of materials isolation and purification, and 

have the possibility of viral or prion (mad-cow disease) contamination.(42, 43)   The 

original synthetic RLS, Exosurf performed suboptimally in-vivo compared to animal 

derived RLS for treating NRDS in premature infants. (6, 7)  The main issue with Exosurf 

was a decreased surface activity compared to animal-derived surfactants that contained 

native lung surfactant proteins.(7)  LS contains lung-specific amphiphilic, surface active 

proteins SP-B and SP-C, which are essential for LS adsorption and spreading.(10, 44-50) 

Two additional LS specific proteins, SP-A and SP-D, are related to immunity in the lung.(2, 

51, 52)  Current work by our collaborators have created SP-B  and SP-C peptide mimics 

that recreate many of the functions of the whole native proteins.(48, 50)  

ARDS affects approximately 150,000 people per year, with mortality rates of 40-

50% and there are currently no effective RLS formulations.(53, 54)  Major advancements 

in treating ARDS have come primarily from improvements in intensive care and 

mechanical ventilation.(55)  Exogenous surfactant therapies have been used to treat ARDS, 

but with limited success.(53, 54)  Thus, our goal is to develop an exogenous surfactant 

therapy that addresses the common issue of LS inhibition that can be coupled with 

mechanical ventilation, infection management, and treatment of the underlying cause of 

the trauma.   
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1.7 Basic Phase Behavior of Lipid Films 

 

 The Langmuir-Blodgett (LB) trough(56) is the simplest and most exploited 

experimental system for controlling the molecular packing of surfactant films.  The 

components of LS are effectively insoluble in water or saline, and hence form an interfacial 

film of monolayer thickness.(57)   Surfactant films are confined to a 2-D interface; thus, 

these films can undergo phase transformation similar to those of 3-D materials when 

compressed.  Figure 1.2 shows the basic phase transitions.(58)  At large molecular areas, 

the surfactant molecules are dilute and interact minimally, and can be described as a 2-D 

gas.  As the trough area is decreased, the surface concentration increases, and the system 

transition into a more ñfluid-likeò state, known as the liquid-expanded phase (LE).(58)  At 

and below the triple point temperature, the gas phase directly transforms or sublimates into 

a ñliquid-condensedò state (LC), characterized by a well packed (often tilted lipids), semi-

crystalline structure.(36)  Above the triple point temperature, the LE phase condenses into 

the LC phase.(36)    Further compression can lead to a ñsolid-likeò state at which the film 

achieves maximum packing and is often associated with an untilting transition.(18, 59)   
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Figure 1.2 Phase behavior of fatty acids and single-component lipids  
 

Adapted from Kaganer et al. 1999. 2(a) Below triple point monolayer exhibits G, LC ï G 

coexistence, LC, and S phase transitions.  2(b) Above triple point monolayers do not exhibit 

G phase, but rather LE, LE-LC coexistence, LC, and S phase transitions.  
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Chapter 2: Materials and Methods  

 

2.1 The Langmuir trough  

 

 A custom built Langmuir trough machined from Teflon is fitted with a continuous 

stainless-steel ribbon barrier to minimize leakage. The maximum and minimum surface 

area of the trough are 145 ÃÍ and 45 ÃÍ respectively, thus providing a 3:1 compression 

ratio.  It is common to report the reduction of ‎ from that of a clean air-water interface, 

which is defined to be the surface pressure, ˊ: “ ‎ ‎, where ‎  is the surface 

tension of a clean air-water interface, 72.8 mN/m at 25 ᴈ, and ‎ is the measured surface 

tension.  ‎ is determined by measuring the force exerted on a filter paper Wilhelmy plate 

using a sensitive balance.     
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Figure 2.1 Schematic of Langmuir trough and Wilhelmy plate 

(a) Schematic of the Langmuir trough.  A ribbon barrier is used to control interfacial area. 

Visualization is obtained via confocal microscopy.  (b) Schematic of Wilhelmy plate.  A 

force is exerted on the plate that is proportional to ‎, the perimeter of the plate ὰ, and the 
cosine of the contact angle —.  
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Figure 2.1 (b) shows a schematic of the basic relationship between ‎, the force exerted on 

the plate (F), the perimeter ὰ given by the thickness (2d) and width of the plate (2w), and 

the cosine of the contact angle measured between the plate and liquid interface —.  Note:  

for a wetted filter paper plate, —ͯ π. A custom-milled Delrin cover is used to limit 

evaporation and reduce external air-flow. Trough functions are controlled via a custom 

LABVIEW interface.  

2.2 Sample preparation 

 

Mixtures of DPPC, HD, DChol, and Texas-Red DHPE were diluted to 1 mg/mL total 

concentration in HPLC-Plus grade chloroform (Millipore-Sigma, Germany) to form a 

spreading solution.  The spreading solution was deposited dropwise from a Hamilton 

syringe (Reno, Nevada) onto the air-water interface of the Langmuir trough described 

above. In all experiments we deposited 17.5 ‘Ὣ of material to the interface. 1 hour was 

allowed for solvent evaporation prior to film compression.   

2.3 Lipid monolayers 

  

The subphase for solvent spread lipid monolayers consists of ultra pure water provided by 

a Milli -Q Direct 3 (Millipore, Billerica, MA) water filtration system.  The subphase can 

also consist of a buffered solution such as a phosphate buffered solution (PBS) or tris-

buffered saline (TBS).  Additional counter ions (NaCl) can be added to tune the desired 

ionic environment in the subphase. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 



  17  

is bought from Avanti Polar Lipids (Alabaster, AL) and dihydrocholesterol (cholestanol) 

and 1-hexadecanol are bought from Sigma-Aldrich.  All LS mixtures are prepared in 

chloroform (1 mg/mL) with 0.5 mol % TR-DHPE and spread drop-wise on a clean air-

liquid interface using a Hamilton syringe.  When using a water soluble dye, a 40-80 nM 

RH123 solution is used as the subphase.   

 

2.4 Fluorescence microscopy  

 

During film transfer from the air-water interface onto mica substrate, we imaged film 

morphology to verify that morphology did not change due to the transfer. Images were 

taken on an Olympus BX-FLA upright microscope using a cooled CCD Retiga EXi 1394 

camera from QImaging (Surrey, BC, Canada).  

2.5 Confocal microscopy 

 

In confocal microscopy, a pinhole is placed in the path of the detector to block out both 

lateral and out of plane light.  C1 confocal scan head is fitted onto an Eclipse 80i upright 

microscope (Nikon Instruments, Melville, NY).  The scan head is a point detector, and thus 

raster scanning is required to obtain an image.  A Nikon plan apochromatic 20x objective 

(1 mm working distance, 0.75 numerical aperture, air immersion) is used.  The maximum 

field of view is roughly 600 ‘ά by 600 ‘ά, minimum pixel dwell time is 1.68 ‘ί, and the 

pinhole sized used is 102 ʈÍȢ 
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 Image contrast obtained via dye-conjugated probes.  In this work, Texas Red 

(excitation/emission maximum of 595/615 nm) conjugated onto the phospholipid 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine (TR-DHPE) is purchased from 

Invitrogen (Carlsbad, CA).  Rhodamine 123 (RH123) (excitation/emission maximum of 

507/528 nm) is purchased from Sigma-Aldrich (St. Louis, MO), and is used as a water-

soluble fluorophore.  

 

2.6 Interfacial micro -rheology  

 

Custom-built microbutton device measures interfacial shear rheology of monolayer 

films.(18)  Briefly, circular ferromagnetic probes with a magnetic moment have an 

oscillatory torque applied via a magnetic field.   The driving torque is kept small enough 

to be in the linear regime.  The microbuttonôs response is obtained by recording the position 

of two holes in the micro-button via bright field microscopy. To find the surface viscosity 

–  the hydrodynamic problem of a circular rotating cylinder within a viscoelastic 

monolayer on top of a vicious subphase is solved. 

2.7 Atomic force microscopy 

 

Atomic force microscopy (AFM) is a technique used to probe the surface properties of 

materials.  A very sharp tip is mounted on a flexible microcantilever whose displacements 

are detected via a laser reflected from the cantilever onto a quad photodiode.  A XYZ 
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scanning device under a feedback loop is used to maintain the location of the laser fixed 

by having a piezoelectric scanner compensate for topographic variations associated with 

bending of the cantilever.  In contact mode the feedback is driven by the bending of the 

cantilever as previously discussed, while in AC mode, the feedback is driven by the 

dynamic amplitude of the vibrating cantilever.(60)  To limit compliance effects, AC mode 

was used for the topography data provided. A cantilever with a 2 N/m spring constant 

cantilever, 10 nm nominal tip radius, and 70 kHz resonance frequency. 

2.8 Transfer techniques  

 

Films were transferred from the air-liquid interface by compressing barriers to the desired 

area or “, then lowering the interface fluid level using a peristaltic pump at a flow rate of 

10 mL per hour onto freshly cleaved mica on top of a PTFE stage.  Figure 2.2 shows a 

schematic of the deposition mechanism.  The transferred films were analyzed at the 

Characterization Facility using an Agilent 5500 environmental SPM under open-loop 

(Station SPM-3).  
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Fig. 2.2 Inverted Langmuir -Shaeffer transfer using a deposition stage 

Films were transferred from the air-water interface onto circular mica discs using a custom 

made stainless steel deposition stage (schematic in panel A). Mica disc is held in place by 

4 pins and a knife edge cuts the monolayer to maintain a fixed area per molecule through 

the deposition process. Schematic in panel B shows monolayer spread on the air-water 

interface of the trough. The film is compressed to desired surface pressure, and then 

lowered onto the mica by removing water from the subphase using a peristaltic pump.  

 

  

A B
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Chapter 3: Spontaneous Evolution of Equilibrium Morphology in 

Phospholipid-Cholesterol Monolayers 

 

Material in this chapter is reproduced in part with permission from reference: 

Valtierrez-Gaytan, C., et al. (2022). "Spontaneous evolution of equilibrium morphology in 

phospholipid-cholesterol monolayers." Science Advances 8(14): eabl9152. 

 

Article abstract:  

Competition between intra-domain electrostatic repulsions and inter-domain line tension 

leads to domain shape transitions in phase-separating lipid monolayers. The question 

remains if these morphologies are energy minima or are kinetically trapped metastable 

states. We show the reversible  evolution of uniform width stripe domains from 

polydisperse semi-circular domains in monolayers of dipalmitoylphosphatidylcholine 

(DPPC), hexadecanol (HD) or palmitic acid (PA) and dihydrocholesterol (DChol). The 

initial semi-circular domains grow at a fixed 2:1 DPPC:HD (or PA) stoichiometry, 

depleting the liquid phase of HD, leaving behind a liquid enriched in DPPC and DChol. At 

higher surface pressures, the remaining DPPC precipitates onto existing domains, 

decreasing the ratio of line tension to the square of the dipole density difference, ‗‘ϳ . 

Theory predicts as ‗‘ϳ  decreases, circular domains reversibly transform to uniform width 

stripes as the minimum energy structure. Measuring the stripe width provides the first 

estimates of ‗‘ϳ  at liquid condensed ï liquid expanded phase coexistence.     
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3.1 Introduction  

 

Surfactant monolayers are ubiquitous in nature and daily life, stabilizing liquid 

emulsion drops and foam bubbles, maintaining low surface tension in the lung alveoli (1, 

61) and stabilizing tear films in the eye (62). Fluorescence optical microscopy (63, 64), 

synchrotron X-ray diffraction and reflectivity (65, 66), and atomic force microscopy (17, 

67) have provided ample evidence of phase separation into immiscible liquid ordered-

liquid disordered (Lo-Ld) or liquid condensed-liquid expanded (LC-LE) domains in lipid and 

cholesterol monolayers at the air-water interface (Figure 3.1 and Figure S1.1, 

Supplementary Materials). Here we show reversible circle to stripe domain shape 

transitions with changes in surface pressure, composition, or temperature that result from 

competition between dipole-dipole interactions within the domains and the line tension at 

the domain boundaries (64). Similar domain formation is key to the ñraftò model of cell 

membranes (68) in which nanometer to micron length scale, phase-separated immiscible 

liquid domains, or ñraftsò  with different composition can sort and compartmentalize 

proteins in both time and space to facilitate physiological functions (68). Phase separation 

and domain formation is also important in clinical lung surfactants (LS) used to treat 

neonatal respiratory distress syndrome (NRDS) in premature infants (3).   

The opposing energies of line tension, l, at the domain boundaries and the intra-domain 

repulsion due to differences in the dipole density between phases, µ, determine the domain 

shapes. l is the energy per unit length of the monolayer domain boundaries and is the two-

dimensional analog of surface tension in three dimensions (64, 69, 70). Differences in lipid 
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composition, chain length, tilt, or local order at the domain boundaries determine the 

magnitude of l (64, 71). Experimental measurements of l are typically done by analysis 

of spontaneous or imposed domain shape fluctuations; such analyses have been limited to 

immiscible liquid-liquid (Lo-Ld) domains as fluctuations are too small to measure at solid-

liquid (LC-LE) domain boundaries. Measurements of Lo-Ld line tension are on the order of 

0.1 - 10 piconewtons (picojoules/meter) (70-74). The line tension acts to minimize the ratio 

of domain perimeter to domain area, just as surface tension minimizes the surface area to 

volume ratio in three dimensions.   

The head-tail asymmetry of surface-active molecules at an air-water (or oil-water) 

interface leads to a net dipole moment in the direction normal to the interface (64, 75). The 

magnitude of the dipole moment is invariably different in coexisting monolayer phases due 

to differences in composition, molecular packing, or tilt orientation, resulting in a 

difference in the average dipole density, µ (64, 75). Oriented dipoles repel each other, so 

high aspect ratio domains such as stripes separate the dipoles to minimize the overall 

dipole-dipole energy at the cost of increasing the ratio of domain perimeter to domain area, 

which increases the line tension energy. The dipole contribution to the energy is greater in 

asymmetric monolayers than in symmetric bilayers, where the dipoles of each monolayer 

leaflet partially cancel the other. There are few experimental values of the dipole density 

difference in monolayers, but available data suggests 0.25 ï 0.5 Debye per molecule at the 

interface (76, 77). The dipole density difference also creates a long-range repulsion 

between neighboring domains that keeps domains from coalescing on experimental time 

scales (64).  
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Continuum theories based on the competition between the energetic contributions of 

dipole-dipole repulsion within domains and the line tension at the domain boundaries 

provide qualitative and quantitative predictions for the sizes and shapes of lipid monolayer 

domains (63, 64, 72, 76, 78-82). Similar models have been successfully used to describe 

ferrofluids (69) or superconductors (83) in an applied magnetic field. Models based on 

opposing energetic contributions display common features that set domain shapes and 

length scale from nanometers (diblock copolymers) to microns (lipid monolayers) to 

centimeters (Turing patterns, convective rolls). For lipid monolayers, the free energy per 

molecule, F/N, in non-interacting circular domains of radius r (N = ́ r2/ao, ao is the average 

area per molecule in the domain) is set by the opposing energetics of line tension, ‗, and 

the square of the dipole density difference, ‘ (64): 
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In Eqn. 3.1, e is the exponential, 2.714 and ‏ ͯ ρ nm is a molecular cut-off for the intra-

domain dipole-dipole interactions (64). From Eqn. 1 the minimum energy radius, ro, for 

non-interacting domains is ‬Ὂὔϳ ‬ὶϳ π: 
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The important material parameter in Eqn. 3.2 is the Bond number, ὔ ‘ ‗ϳ, which is 

the dimensionless ratio of the square of the dipole density difference to the line tension. 

Eqn. 2 shows that increasing ‘ favors smaller domains and increasing ‗ favors larger 

domains. Stability analysis of Eqns. 1 and 2 show that circular domains with ὶ ὶ Ὡϳ are 
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unstable with respect to coalescence and domains with ὶ Ὡ ὶ are unstable to elliptical 

or higher-order distortions (64, 82, 84). The Bond number appears in many different 

systems in which there is a competition between long-range contributions to the energetics 

(gravity, magnetic forces, electrostatics) and line or surface tension (69).   

     However, over the past 40 years of visualizing monolayer domains (85), there have been 

few, if any experimental observations of equilibrium circular domain size distributions in 

either Lo-Ld or LC-LE  phase-separated monolayers that are quantitatively consistent with 

the predictions of Eqn. 2 (64, 71, 82, 84, 86, 87). Instead, circular domains are polydisperse 

and vary from experiment to experiment even for the same monolayer composition at a 

given surface pressure and temperature. The size distribution depends on compression rate, 

aging, and is different for surface pressure changes at constant temperature or temperature 

changes at constant surface pressure. An equilibrium size distribution based on Eqn. 3.2 

should be reproducible at a fixed monolayer composition, surface pressure, and 

temperature and should also be independent of how those conditions are approached (71). 

Hence, it is unclear if there are fundamental limitations to the continuum theory, or if there 

exist additional contributions to the energy yet to be understood.  More likely, the kinetics 

of domain nucleation and growth trap monolayer domains in long-lived metastable states, 

and the energy differences due to line tension and electrostatics are not sufficient to allow 

a system of circular domains to reach an equilibrium domain size distribution (Eqn. 3.2) 

over experimentally accessible time scales.       
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     Unfortunately, equilibrium theories do not provide any estimate of the rate at which the 

domain size distribution reaches equilibrium. In monolayers, domain coalescence is 

inhibited by dipole-dipole repulsion between domains. This requires equilibration by 

Ostwald ripening, or the ñevaporationò of molecules from certain domains and 

ñcondensationò onto other domains (88, 89), which does not occur over experimentally 

accessible time scales of days (90). However, the continuum theory has provided essential 

insight into the circle to stripe transitions observed near liquid-liquid miscibility critical 

points (79, 91), as well as elliptical and higher-order domain shape evolution when domains 

are forced to grow by coalescing in electric fields (84). The continuum theory is also key 

to understanding the ñraftò model of cell membranes (68, 92-94), in which phase-separated 

immiscible liquid domains, or ñraftsò  spontaneously form with different composition or 

local order that can sort and compartmentalize functional proteins in both time and space 

to facilitate complex tasks (64, 68, 71, 83, 91, 94).   

     Here we show that phase-separated ternary mixtures of DPPC, hexadecanol (or palmitic 

acid), and cholesterol (Figure 3.1) undergo reversible changes from polydisperse semi-

circular domains via a Mullins-Sekerka growth instability to stripes of uniform width. The 

transition is consistent with a change in the boundary composition of the domains that leads 

to a decrease in the line tension at the domain boundary. The semi-circular LC domains 

grow at a fixed 2:1 DPPC:HD (or PA) stoichiometry at low surface pressure, which 

depletes the LE phase of HD (or PA). At higher surface pressures, the remaining DPPC 

condenses onto the domains which decreases the line tension, causing ὔ  to increase. As 

ὔ  increases, the minimum energy morphology changes from circular domains to 
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uniform-width stripes (75). The evolution to equilibrium width stripes is repeatable 

between experiments and the line widths are the same if approached by changing surface 

pressure at constant temperature or changing the temperature at constant surface pressure. 

By changing the surface pressure and temperature back to the original conditions, the 

stripes spontaneously return to the polydisperse semi-circular domain morphology. 

Measuring the stripe width provides the first measurements of ὔ  as a function of 

monolayer composition, surface pressure, and temperature at liquid condensed ï liquid 

expanded phase coexistence.   

3.2 Results 

3.2.1 Circle to stripe transition   
 

Figure 3.1 shows confocal fluorescence images of the dramatic changes in LC 

domain morphology in ternary mixtures of chiral r-dipalmitoylphosphatidylcholine (r-

DPPC), 1-hexadecanol (HD), and dihydroxycholesterol (DChol) as the surface pressure is 

increased slowly, then held at 7 mN/m.  We use dihydroxycholesterol as a substitute for 

cholesterol to minimize oxidation; there is minimal difference in the morphology or phase 

behavior on this substitution. The contrast in the images is due to the preferential 

segregation of DHPE-Texas red fluorescent lipid dye to the continuous, disordered LE 

phase, which appears red, while the ordered LC domains exclude the dye and appear black 

(64, 95, 96). The polydisperse black LC domains that form at surface pressures < 7 mN/m 

have similar asymmetric circular shapes with a single cusp on one end for all DPPC:HD 

ratios (Fig. 3.1G, white arrow), with a rounded side opposite the cusp. There is no 
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indication of a preferred domain radius as predicted by Eqn. 3.2. Following compression 

to 7 mN/m, the LC domains of all three DPPC:HD ratios undergo a fingering instability 

that usually erupts from the side opposite the cusp (Fig. 1B, H, N). The fingering is 

reminiscent of a Mullins-Sekerka type instability in three-dimensional crystals and is 

suggestive of a decrease in the line tension as the surface pressure is increased from 5 to 7 

mN/m (97, 98). The fingers have a counter-clockwise rotation similar to domains of pure 

r-DPPC with or without DChol (Figure S1.1, Appendix), which is indicative of long-range 

chiral orientational ordering in the LC domains (95). The chiral carbon in native 1,2-

dipalmitoyl-sn-glycero-3-sn-phosphocholine (r-DPPC) induces a counter-clockwise 

orientational ordering in LC domains that persists over tens of microns (Fig. 3.1-3.4). The 

positional order with the LC domain is short-range, on the order of 100 nm or less, so each 

domain consists of multiple crystallites. Hence, these LC domains might best be described 

as hexatic phases, rather than true crystalline phases (99, 100). 
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Figure 3.1. Circle to stripe transition at constant surface pressure in phospholipid-

cholesterol monolayers.   

Representative confocal microscopy images of monolayers spread from 3:1 (A to F), 5:1 

(G to L), or 9:1 (M to R) r-DPPC:HD mole ratio with 1.5 mol % DChol at 22 ᴈ. (A, G, 
M) (first column) At low surface pressures “ φ Í.ȾÍ semi-circular domains form 
with a cusp (white arrow). (B,H,N) (second column) Uniformly spaced fingers develop 

opposite the cusps when compressed to a surface pressure of 7 mN/m. (C, I, O) (third 

column) Holding the surface pressure constant for 3 minutes results in the fingers growing. 

(D, J, P) (fourth column) After roughly 15 minutes, fingers continue to grow and begin to 

coalesce making fewer and wider fingers. (E, K, Q) (fifth column) After 30 minutes, the 

finger growth continues at the expense of the core of the domain. (F, L, R) (sixth column) 

Waiting longer than 60 minutes results in extended stripes of uniform width but variable 

length. The arrows in the second row show that each domain has a single cusp that is 

retained throughout the transition. The average stripe widths in F, L, and R are φȢπ 
πȢσ ‘ά, τȢρ πȢς ‘ά, and τȢπ πȢς ‘ά respectively.  
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The chiral center in DPPC is thought to lead to a chiral twist of the molecular tilt 

orientation within the domains, as well as heterogeneity in the line tension which is 

manifested in the non-centrosymmetric shapes in Figs. 3.1A and 3.2A (95, 101, 102). 

Wulffôs theorem (Figure S1.2, Appendix) states that the product of boundary length and 

local line tension should be constant for an equilibrium domain shape (103).  Hence, in 

Fig. 3.1, the chiral domain shapes that end in a cusp are likely due to heterogeneity in the 

local line tension, perhaps due to different tilt orientations at the domain boundaries (102). 

Line tension variations on different sides of the fingers induced by chirality cause the 

fingers to curve; the inside part of the curve is shorter than the outside of the curve 

suggesting that the line tension is higher on the inside leading to the spiral shapes of the 

fingers (75). 

Over the course of an hour, the initially semi-circular domains spontaneously change 

into high aspect ratio stripes with well-defined and uniform widths that depend on the 

DPPC:HD ratio (Compare Figs. 3.1F, L, R). A single semi-circular domain eventually 

converts into a single stripe of uniform width that roughly aligns with other stripes 

throughout the monolayer. Thirty minutes to an hour are required to progress from Fig. 

3.1B to 3.1F at constant surface pressure. The morphology turns into extended stripes of 

uniform width after an hour.  

Each domain in Figures 3.1 to 3.3, regardless of shape, has a single cusp that persists 

through the circle-to-stripe transition (white arrows in Fig. 3.1G to 3.1L, 3.2G to 3.2K, 

3.3E to 3.3H). The cusps are likely the result of local divergence in the molecular tilt 

orientational order (104-106). As in many tilted liquid crystalline materials, the tilt 
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direction changes discontinuously at a topological ñvirtual boojumò defect (107). The 

virtual boojum is a conceptual defect similar to image charges in electrostatics. The cusp 

forms near the part of the boundary closest to the boojum defect where the tilt order 

diverges. The cusp is also an indication of a heterogeneous line tension around the domain 

boundary. The cusp is located where the line tension reaches a maxima (derivation and 

Figure S1.2 in Appendix) (104-106). This suggests that there is a coupling between the tilt 

orientation at the domain boundaries and the magnitude of the line tension. The cusp 

persists throughout the domain shape transitions, confirming that the molecular tilt 

orientation is preserved. The single cusp also suggests that one circular domain transforms 

into one linear domain with minimal domain-domain coalescence due to the long-range  

electrostatic repulsion between domains.   
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Figure 3.2. DPPC chirality determines domain chirality.   

Representative confocal microscopy images of films spread from a 3:1 (A to E), 5:1 (G to 

K), or 9:1 (M to Q) racemic-DPPC:HD mole ratio with 1.5 mol % DChol at 22 ᴈ. (A, G, 
M) Domains assume an elliptical shape at low surface pressures (white arrow indicates 

cusp). (B, H, N) Regularly spaced, axisymmetric fingers form at 7 mN/m opposite the cusp. 

The intermediate morphology follows a similar progression as in the chiral r-DPPC 

mixture. (C, I, O) However, here there is less branching, and the fingers remain straight. 

(D, J, P) Highly aligned stripes of uniform width are found after holding the surface 

pressure constant for longer than an hour. A single cusp is positioned at one end of a stripe. 

The stripe widths in D, J, and O are φȢυ πȢτ ‘ά, τȢτ πȢς ‘ά, τȢπ πȢς ‘ά 
respectively. (E, K, Q) Increasing the surface pressure further after the stripes have been 

formed causes the stripes to become more aligned and decrease in width. The stripe widths 

in E, K, Q are φȢψ πȢτ ‘ά, ςȢω πȢρ ‘ά, ςȢπ πȢρ ‘ά respectively. (F, L, R) FFT of 

lower magnification images of E, K, and Q show multiple orders of reflection and 

demonstrate the uniform spacing and high orientational order of the stripes.  
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Figure 3.2 shows that replacing the chiral r-DPPC with racemic DPPC mixtures 

eliminates the spiral twist in the domain shapes. Domains spread from 3:1 (Fig. 3.2 A to 

F), 5:1 (Fig. 3.2 G to L), or 9:1 (Fig. 3.2 M to R) molar ratios of racemic DPPC (rac-DPPC) 

to HD with 1.5 mol % DChol are axially symmetric. However, as in Fig. 3.1, a single cusp 

in each domain (arrows) persists through the transition, confirming that the molecules are 

tilted and maintain their orientational ordering. The domains remain axisymmetric as the 

surface pressure is increased and fingers begin to form on both sides of the domains (Fig. 

3.3 B, H, N). Unlike the domains in Figs. 3.1 that spiral, the fingers in the racemic mixture 

domains are relatively straight and point slightly away from the end of the domain with the 

cusp. The circular domains elongate symmetrically front and back to form extended 

straight stripes that are uniform in thickness as confirmed by fast Fourier transforms (FFT) 

of the images (Fig. 3.2 F, L, R).  The 3 ï 4 orders of reflection in the FFTôs are indicative 

of uniformly spaced stripes. For a fixed surface pressure, increasing the ratio of DPPC to 

HD in the spreading solution decreases the stripe width. 
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Figure 3.3. Palmitic acid and hexadecanol are interchangeable.  

Representative confocal microscopy images of films spread from a 3:1 (A to D), 5:1 (E to 

H), or 9:1 (I  to L ) r-DPPC to PA mole ratio with 1.5 mol % DChol at 22ᴈ. Shape 

transitions are similar to those observed in ternary monolayers containing HD (Fig. 1). (A, 

E, I ) Asymmetric, semi-circular domains nucleate at low surface pressures and grow with 

increasing surface pressure. (B, F, J) Increasing the surface pressure to 7 mN/m causes 

finger instabilities with a well-defined spacing to develop. (C, G, K ) Holding the surface 

pressure at 7 mN/m results in finger growth. (D, H, L ) Waiting approximately an hour at 

constant surface pressure results in the conversion of the domains into stripes. The cusp is 

maintained through the entire transition as shown with white arrows. Stripe widths in D, 

H, and L are φȢυ πȢτ, τȢπ πȢς ‘ά, and  τȢς πȢς ‘ά respectively, similar to those 

for DPPC:HD mixtures in Figure 3.1. 
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Figure 3.3 shows that exchanging palmitic acid (PA) for hexadecanol results in 

identical morphologies and shape transitions. The observed finger instabilities follow a 

counterclockwise rotation similar to domains in Figure 3.1. Each domain also has a single 

cusp (white arrows in Fig. 3.1 G to L) consistent with a molecular tilt. Grazing incidence 

X-ray diffraction shows that PA and HD form nearly identical pseudo-hexagonal tilted 

packings with DPPC (66).    
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Figure 3.4. Cholesterol drives the transition.  

Representative images for 3:1 r-DPPC:HD (A to C), 9:1 r-DPPC:HD with 0.5 mol % 

DChol (D to F), and 9:1 r-DPPC:HD with 4.0 mol % DChol (G to I ). (A to C) Without 

DChol, r-DPPC:HD domains nucleate below 2 mN/m and retain their semi-circular shape 

with a single cusp throughout coexistence up to a surface pressure of 10 mN/m. No 

fingering instability is observed nor a transition to stripes. The same characteristic semi-

circular morphology is observed in films without DChol and in ternary systems containing 

DChol at surface pressures Ò 6 mN/m (compare Figs 3.1A and 3.4A). (D to I) Only with 

the addition of DChol are finger instabilities and shape transitions observed. Increasing the 

DChol composition causes a decrease in the onset surface pressure of the finger instabilities 

(compare D and G), increases the degree of finger branching and spiraling (compare E to 

H), and decreases the equilibrium stripe width (compare F and I). DChol is line active and 

lowers the line tension of the LC-LE interface allowing for complex patterns.  
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While HD and PA are interchangeable, the small mole fraction of DChol is a primary 

driver of the transition. DChol is believed to preferentially locate at domain boundaries, 

lowering the line tension between phases by somehow smoothing out changes in 

composition, tilt, or molecular order (63, 87, 88, 108).  Figures 3.4 A to C show that the 

domain shapes and sizes of DPPC:HD monolayers without DChol are similar to those 

shown in Figs. 3.1A, G, M and 3.3A, E, I at surface pressures below the onset of the 

fingering instability. However, in the absence of DChol, increasing the surface pressure 

does not lead to any fingering instability or transition to stripes. Figs. 3.4D to F show that 

0.5 mol % DChol is sufficient to induce the fingering instability and the transition to stripes. 

This small mole fraction of DChol could not significantly change the dipole density 

difference between the phases. The dramatic changes in domain morphology induced by 

0.5 mol % DChol are consistent with preferential segregation to the domain boundary and 

this ñline-actantò behavior lowers the line tension at low mole fractions, similar to how 

conventional surfactants lower surface tension at three-dimensional interfaces (63, 88, 

108).  Increasing the DChol concentration to 4.0 mol % (Fig. 3.4 G to I) results in smaller 

domains with thinner fingers and stripes and the amount of branching and spirals increase. 

Increasing DChol increases the ratio of domain perimeter to domain area, consistent with 

a decrease in the line tension.  

3.2.2 Molecular origins of the transition  
 

     The transition between compact semi-circular domains at surface pressures less than 7 

mN/m and extended stripe domains at greater than 7 mN/m requires a mechanism to 
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decrease the line tension over a narrow range of surface pressure at constant overall 

monolayer composition. One such mechanism would be the gradual change in the 

composition of the LC domain boundary over this surface pressure range (Figures 3.5, 3.6).  

In DPPC LC phase crystals, the saturated sixteen carbon alkane chains pack in a tilted 

hexagonal lattice; the tilt angle is related to the mismatch in cross-sectional area between 

the alkane chains and the phosphocholine headgroup (19, 66, 100) (Figure S1.3, 

Appendix). The sixteen carbon alkane chains of HD or PA are identical to those of DPPC 

and can pack into the DPPC chain lattice, while the relatively small alcohol or fatty acid 

headgroup can compensate for the phosphocholine headgroup area mismatch, reducing the 

overall monolayer tilt. This stabilizes the crystal by increasing the favorable van der Waals 

interactions between the alkane chains  (58, 66, 96, 109, 110). The increased van der Waals 

interactions stabilize the LC phase and cause the DPPC:HD or DPPC:PA domains to 

nucleate at surface pressures Ò 1 mN/m, compared to the ~ 6 mN/m for pure r-DPPC LC 

phase at similar temperatures (Figure S1.1, Appendix).  
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Figure 3.5. Crystal stoichiometry is independent of the spreading composition.  

A) The area fraction of the LC phase was calculated for the semi-circular domains at 5 

mN/m before the onset of the fingering instability (Fig. 1A). Data for 1.5 mol % DChol 

with r-DPPC & HD, r-DPPC & PA, and rac-DPPC & HD are plotted as green triangles, 

blue squares, and red circles respectively. The area fractions are identical and composition 

insensitive for a given value of b, the spreading DPPC to HD or PA molar ratio. The lines 

are plots of Eqn. 5 as a function of b for various values of n, the predicted crystal 

stoichiometry ratio. Ratios of n = 1, 2, or 3 are plotted as fine dash, dash, and solid curves 

respectively. The ratio of 2:1 DPPC to HD (or PA) is consistent with the measured LC area 

fractions. B) Grazing Incidence X-ray Diffraction (GIXD) shows increasing DChol content 

from 0 to 8 mol % does not change the lattice spacing of DPPC:HD mixtures. HD excludes 

DChol from the DPPC lattice so the DChol segregates to the LE phase (111). C) GIXD 

shows that in mixtures containing r-DPPC, PA, and DChol the diffraction pattern is similar 

for spreading ratios of 2:1 and 3:1 r-DPPC:PA, whereas the 1:1 r-DPPC:PA mixture 

exhibits a markedly different pattern, supporting the claim that the crystal stoichiometry is 

2:1 (96) (Redrawn from Ref. 39). 
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However, due to the complex, three dimensional zig-zag shape of all-trans alkane 

chains in the crystal, the molecules cannot pack with an arbitrary tilt to match head and tail 

areas (Figure S1.4, Appendix). Certain discrete tilt angles provide an optimal chain packing 

to maximize the van der Waals interactions between chains and several close-packing 

structures of alkanes are known (110, 112). However, even considering the various discrete 

tilt angles allowed for all of the classes of packing, not every headgroup can be easily 

accommodated by a uniform crystalline alkane structure. This can lead to particular 

stoichiometric ratios of DPPC to HD being preferred to provide the optimal packing to 

match headgroup and tailgroup areas while accommodating the three-dimensional shapes 

of the alkane tails (100, 109, 110).  

    The domain shapes are quite similar between the images in Figures 3.1A, G, M, which 

also suggests that all the LC crystals may have the same stoichiometry regardless of the 

composition of the spreading solution. This is consistent with grazing incidence X-ray 

diffraction (GIXD) that shows that DPPC co-crystallizes with PA with the same lattice 

parameters for 2:1 and 3:1 DPPC:PA spreading solutions (66, 96) (Fig. 3.5C).  GIXD 

shows that increasing DChol from 0 to 8 mol % in 3:1 r-DPPC:HD monolayers do not 

change the lattice spacing, suggesting that HD prevents DChol from entering the 

DPPC:HD/PA co-crystal lattice (Fig. 3.5B) (111). Hence, the DChol resides in the LE phase 

for these surface pressures.   

      If the co-crystal of DPPC and HD (or PA) grows at a fixed stoichiometric ratio, mole 

balance arguments can determine the co-crystal stoichiometric ratio based on the area 

fraction of the LC phase as a function of the spreading composition (Figure S1.5, 
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Appendix).  Figure 3.5A shows that the LC (black) domain area fraction at 5 mN/m, just 

before the onset of the fingering transition (Fig. 3.1B, H, N) increases non-linearly with 

decreasing DPPC:HD or PA ratios in the spreading solution. The area fraction of black LC 

phase is identical for r-DPPC:HD, r-DPPC:PA and rac-DPPC:HD at a given spreading 

solution ratio.  

For N molecules of HD and bN molecules of DPPC in the spreading solution deposited 

to form the monolayer, the area fraction of LC phase as a function of b for a crystal with n 

Í b can be calculated, where b is the DPPC to HD or PA ratio of the spreading solution, 

and n is the stoichiometric ratio of DPPC to HD or PA in the LC crystal. Isotherms and X-

ray diffraction show that the interfacial area per hexadecanol molecule, ὥ  ~ 0.2 nm2  in 

ordered phases. ὥ  ~ 0.45 nm2 is the area per DPPC molecule in the LC phase (black), 

with ὥ  ~ 0.75 nm2 for DPPC in the LE (red) phase. ὥ  ͯ0.25 nm2 is the area/molecule of 

DChol. Hexadecanol expels DChol to the LE phase in mixtures with DPPC (Fig. 3.5B) 

(111), so all cholesterol is assumed to be in the LE phase.  The total image area of LC (black) 

phase is AB: 

ὃ  ὔὥ ὲὔὥ               σȢσ 

 

The total image area of the LE (red) phase is AR, assuming any residual DPPC and all the j 

mol fraction of DChol resides in the LE phase:  

ὃ ὔὦ ὲὥ
Ὦὦ ρ

ρ Ὦ
ὔὥ           σȢτ 

The area fraction, ‰ of the LC phase is then:  
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‰
ὃ

ὃ ὃ

ὥ ὲὥ

ὥ ὲὥ ὦ ὲὥ
Ὦὦ ρ
ρ Ὦ

ὥ
                 σȢυ 

Fig. 3.5A shows ‰ as a function of b, the DPPC:HD ratio in the spreading solution for three 

different values of the stoichiometric ratio of DPPC:HD in the LC phase crystal, n= 1, 2, 

and 3. The measured values of ‰ fall on the line n = 2. The calculated value of ‰ does not 

change significantly for ± 10% variations in ὥ , ὥ , ὥ , or ὥ.  (Details of the derivation 

of Eqns. 3.3-3.5 and Figure S1.5 showing some of the confocal images used to assess ‰ 

are in the Appendix). This is consistent with grazing incidence X-ray diffraction that shows 

the diffraction pattern of monolayers spread from 2:1 and 3:1 DPPC:HD ratios are quite 

similar (66, 96) (Fig. 3.5C).   

3.2.3 Enriching domain boundaries in DPPC 
 

     If the monolayer spread at the interface contains a higher DPPC:HD or DPPC:PA ratio 

than 2:1 (such as the 3, 5, and 9:1 DPPC:HD or PA in Figures 3.1 ï 3.3), the 2:1 DPPC:HD 

crystals (black) nucleate first at near-zero surface pressure and these domains grow until 

the limiting HD (or PA) is incorporated into the LC phase domains by 6 mN/m as shown 

schematically in Fig. 3.6B. Any excess DPPC remains in the LE phase along with all the 

DChol and the Texas Red DHPE dye. The surface pressure at the onset of LE-LC 

coexistence for DPPC or DPPC with DChol is ~ 6 mN/m while for DPPC:HD or PA the 

onset occurs at < 1 mN/m (Figures S1.1 and S1.6 in Appendix). The coexistence onset 

surface pressure does not change significantly for DChol fractions from 0 - 5 mol % (Figure 

S1.7, Appendix). Hence, once the LE phase is depleted of HD or PA by the growing 2:1 
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DPPC:HD LC phase crystals, increasing the surface pressure to  Ó 6 mN/m causes the 

remaining DPPC to condense onto the existing LC domains, thereby either gradually or 

abruptly changing the composition at the domain boundaries from 2:1 DPPC:HD (or PA) 

to nearly pure DPPC (Figure 3.6C). As no new LC domains were formed in Figures 3.1 to 

3.4 on increasing the surface pressure greater than 6 mN/m, DPPC is likely growing 

epitaxially on the existing DPPC:HD crystals. DPPC and DPPC:HD crystals have the same 

tilted hexagonal packing of the alkane chains (66), with just small differences in tilt, 

allowing for epitaxial growth. Figure 3.6A shows that the first fingers form on the 2:1 

DPPC:HD LC domains as the system crosses the binary DPPC:DChol coexistence curve as 

the surface pressure is increased. The compact shapes of the low surface pressure 

DPPC:HD LC domains is consistent with a higher line tension than the expanded stripes 

between the DPPC:DChol LC-LE phases (Figure S1.6, Appendix).   In the ternary domains, 

the boundary composition is enriched in DPPC from the 2:1 DPPC:HD stoichiometry to 

nearly pure DPPC as the surface pressure is increased or the temperature is decreased (Fig. 

3.6A) at the binary coexistence surface pressure of DPPC-DChol. This change in 

composition at the domain boundary lowers the line tension (Figure 3.6D), inducing the 

fingering via the Mullins Sekerka instability. Monolayers spread from 2:1 DPPC:HD with 

1.5 mol % DChol do not undergo the circle to stripe morphology change, nor the fingering 

instability (Figure S1.8, Appendix). The boundary composition would not change as HD 

would no longer be limiting, and there would be no excess DPPC in the melt.  
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Figure 3.6: Binary crystallization diagram predicts ternary equilibrium shapes.  

A) The black line shows the onset surface pressure for the nucleation of LC phase from a 

binary mixture of r-DPPC and 1.5 mol % DChol as a function of temperature (red 

diamonds). For surface pressures above the line, r-DPPC nucleates LC domains within an 

LE matrix, whereas for surface pressures below the line only LE phase is present. The binary 

coexistence line correlates with the transition between equilibrium circles and stripes 

observed in ternary mixtures of r-DPPC, HD (or PA), and DChol (Figs. 3.1 to 3.4). It is 

likely that compositional changes along the domain boundary when crossing the binary 

coexistence line are responsible for a reduction in the line tension, which initiates the 

morphology transition. (B to E) Schematic diagram of the processes involved in the circle-

to-stripe transition. B) The initial domains for the ternary mixtures (“ φ Í.ȾÍ) are 

asymmetric in shape with a line tension that varies around the boundary; line tension is 

likely highest near cusp and lowest opposite. The domain composition is 2:1 DPPC:HD, 

with excess DPPC and all the DChol remaining in the LE phase. C) As the surface pressure 

is increased above the binary coexistence line (black line in A), the boundary of the 2:1 

DPPC:HD domains become epitaxially enriched with DPPC which causes a decrease in 

the line tension. D) The reduced line tension enables a Mullins-Sekerka type fingering 

instability. The finger spacing is given by Ὠͯ ὰὰ in which ὰ is a capillary length that 

depends on the line tension and ὰ is a diffusion length that depends on the DPPC 

diffusivity and the crystal growth velocity (See Fig. 7). E) As the system reaches 

equilibrium, the fingers anneal away, and the domains elongate into stripes of uniform 

width with spacing ύ υȢυ‏Ὡ ȟ as shown in Figs. 3.8 and 3.10. 
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3.2.4 Fingering instabilities due to decrease in line tension  
 

The initial growth of regularly spaced ñfingersò in Figs. 3.1 to 3.4 is due to a version 

of the classical Mullins-Sekerka growth instability that is responsible for the shapes of 

snowflakes, dendrites in metal crystals, and is mathematically similar to the viscous 

fingering that occurs in the displacement of high viscosity fluids by low viscosity fluids 

(97, 98). During the growth of the LC domains, concentration gradients are set up in the 

multicomponent LE phase as DPPC is being depleted near the domain boundaries as it is 

incorporated into the growing domain. Simultaneously, DChol and the Texas Red dye are 

being concentrated in the LE phase as these components are excluded from the LC domains. 

As sketched in Fig. 3.7, a linear growth front is unstable to a sinusoidal perturbation that 

compresses the concentration gradient at the tips of the fingers and expands the gradient in 

the troughs between fingers. In other words, the tips of the fingers extend into higher DPPC 

concentrations while the troughs between fingers are in lower DPPC concentrations. As a 

result, the flux of DPPC onto the growing domain is highest near the fingertips, causing 

the fingertips to grow faster than the troughs (97, 98), and the instability is enhanced.  
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Figure 3.7.  Schematic diagram of the Mullins-Sekerka instability.  

During LC domain growth (dark grey), concentration gradients are set up in the 

multicomponent LE phase (blue) as DPPC is depleted near the domain boundaries. A flat 

growth front is unstable to a sinusoidal fluctuation that compresses the concentration 

gradient at the tips of the fingers (dotted lines) and expands the gradient in the troughs 

between fingers. The higher flux at the fingertips increases the growth rate, while the lower 

flux in the troughs between fingers slows the growth rate, which feeds the instability. 

Opposing the growth instability is the line tension, ‗, which acts to flatten the fingers to 

minimize the length of the boundary. The instability is favored by low line tensions that 

arise as the domain boundaries are enriched in DPPC. The separation between fingers is 

set by Ὠ ͯ φὰὰ in which ὰ Ὀ
ὺ is the diffusion length and ὰ ‗‌ Ўῲϳ   is the 

capillary length, or the ratio of ‗ to ‌ Ўῲ , where Ўῲ ῲ ῲ  is the difference in 

concentration between the 2-D crystal and the melt and ‌ ḳ ‬‘‬ῲϳ  is the convexity 

of the free energy near the equilibrium melt concentration, ῲ. 
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Opposing the growth of the sinusoidal perturbation is the line tension that acts to 

minimize the domain perimeter and keep the boundary flat.  Analysis (Appendix 8.1) 

shows that the critical wavenumber for growth of the fingers increases with decreasing line 

tension:            

Ὧ
ὺ‌ ɝῲ

ςὈ‗

ρ

ςὰὰ
                     σȢφ 

ὰ
Ὀ
ὺ is the diffusion length, or the ratio of the diffusivity, Ὀ, of DPPC in the melt to 

ὺȟ the average crystal growth front velocity.  ὰ ‗
‌ Ўῲ   is the capillary length, or 

the ratio of the line tension, ‗, to ‌ Ўῲ , where Ўῲ ῲ ῲ  is the difference in 

concentration between the 2-D crystal and the melt (ῲ ρ
ὥ, where ὥ is the area per 

molecule) and ‌ ḳ ‬‘‬ῲϳ  is the convexity of the free energy at the equilibrium 

melt concentration (See Figures S1.9 and S1.10 in Appendix). As the line tension 

decreases, the interface becomes unstable to interfacial perturbations and fingers begin to 

grow. The fastest growing wavenumber 

Ὧᶻ  
Ὧ
Ѝσ
Ƞ      Ὠ ͯ ρȾὯᶻ  φὰὰ                      σȢχ 

predicts the spacing, Ὠȟ (Fig. 3.6E) between the fingertips in Figs. 3.1 to 3.4.  d ~ 7 Õm for 

the 3:1 and d ~ 5 Õm for the 5:1 and 9:1 spreading solutions from Figure 3.1. Increasing 

the domain growth velocity or decreasing the line tension causes the fingers to be closer 

together. 
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   As the domain boundaries become enriched in DPPC while the limiting HD is depleted 

in the melt, the line tension at the domain boundary decreases, causing  Ὧ and Ὧᶻ to 

increase, and d to decrease, leading to the destabilization of the interface and growth of the 

fingers. The fingers will grow first on the domain boundary with the lowest line tension, 

which is the curved parts of the domains opposite the cusps (Figure S1.2, Appendix). 

Fingers do not form on the domains at low surface pressure as the line tension between the 

2:1 DPPC:HD domains and the melt is too large, making d greater than the domain size. 

DChol is required to induce both the fingers and the circle-to-stripe transition and does so 

even at 0.5 mol % DChol concentration. DChol likely segregates to the domain boundaries 

and acts as a ñline-actantò lowering the line tension at the DPPC LC-LE boundary (63, 108). 

The fingers are a dynamic consequence of domain growth; as the supersaturation of the 

melt is dissipated and the system reaches equilibrium, the fingers stop growing and 

eventually anneal away to minimize the domain perimeter. However, this analysis does not 

include the effects of the dipole-dipole repulsion, ‘ȟ which may stabilize the high aspect 

ratio fingers. McConnell has shown that the presence of a dipole-dipole repulsion lowers 

the effective line tension, which would promote the fingering instability as well as the 

circle-to-stripe transition (64, 75). An alternate theory describing diffusive growth of a 

cylindrical crystal replaces the diffusion length, ὰ
Ὀ
ὺ by R, the cylinder radius in 

Eqns. 3.6, 3.7 (113). 

 

3.2.5 Uniform width stripes ï an equilibrium morphology  
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With time (30 minutes to several hours), the domains evolve into stripes of uniform width 

and the fingers anneal away, especially in the rac-DPPC mixtures (Figs. 3.2E, K, Q). 

Determining the electrostatics for the complex domain shapes in Figs. 3.1 to 3.4 is difficult, 

so as an approximation we use a simplified model due to Moy and McConnell (75) that 

describes the transition between a square (line tension dominated) and rectangular (dipole 

dominated) domain. The initial semi-circular domains are compact and have an aspect ratio 

near one, like the squares, while the final stripes have a large aspect ratio, with the width 

<< length. The free energy, F, due to the line tension and dipole-dipole repulsion in a 

rectangular domain of length, l, and width, w, is: 

Ὂ

ς‘

‗

‘
ÌÎ
Ὡ‏

ὃ
ÌÎύ ύ ὰ ϳ ύ

‗

‘
ÌÎ
Ὡ‏

ὃ
ÌÎὰ ύ ὰ ϳ ὰ

ςύ ὰ ϳ               σȢψ 

in which A = lw is the individual domain area, which is roughly constant during the transition, 

and as in Eqns. 3.1, 3.2, e is the exponential, 2.718 and d is the separation between molecular 

dipoles, ~ 1.0 nm.  This free energy is minimized, ‬Ὂ‬ύϳ π with ὰ  ὃύϳ  for fixed 

domain area, A: 

ὃÌÎ
Ѝ

 ύÌÎ
Ѝ

ὃ ύ ÌÎ‏Ὡ ϳ π      σȢω  
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Figure 3.8. Individual domains reach an equilibrium stripe width.  

A plot of the dimensionless domain width,  ύ ύ ύϳ  scaled by the critical width ύ 

versus the scaled domain area, ὃӶ ὃύϳ  from Eqns. 11-13. Here the shape transition is 

expected when  ύ ὃӶ ρ (dotted line). Theory predicts two solutions, one for square 

(ὃӶ ρ) and one for rectangular shapes (ὃӶ ρ). Ternary mixtures of rac-DPPC and HD at 

molar ratios of 3:1 (blue circles), 5:1 (green crosses), or 9:1 (red asterisks) with 1.5 mol % 

DChol show good agreement for ὃӶ values greater than 1 (rectangle shapes). As ὃӶ increases, 
the rectangular domains approach a uniform width independent of their length that is by 

set by the competition between ‗ and ‘. For equal aspect ratio shapes ὃӶ ρ) theory and 

experiment follow the same general trend, however, the transition does not occur at ύ ρ 
due to differences in the energetics of a square (theory) compared to the actual semi-

circular shape.   
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Eqn. 3.9 has two solution branches (solid lines in Fig. 3.8) the first being ὃ ύȟ 

corresponding to square domains with ὰ ύȢ  To determine the second, rectangular 

branch, Eqn. 3.9 is solved numerically to give the relationship between the domain width 

and area for ὰ ύ. The two solution branches bifurcate at a critical domain width, ύ

 ύȟ corresponding to a critical area, ὃ ḳύȢ  This critical domain width is determined 

from the second derivative of Eqn. 9 for ὃ ḳύ : 

‬Ὂ

‬ύ
ȟ

ςÌÎ
‏

ύ
ρ ЍςὩЍ ϳ π            σȢρπ 

Above this critical width,  the square shape becomes higher in energy than the rectangular 

shape.  Solving for ύ  gives:  

ύ ρ‏ ЍςὩЍ ϳ ρπ‏Ὡϳ Ƞ     ὃ  ρππ‏Ὡ ϳ             σȢρρ 

To illustrate the rest of the rectangular branch, Eqn. 3.9 is scaled by ύȟ which defines a 

dimensionless width and area, ύḳύ ύϳ ȠὃӶḳὃύϳ ȡ 

ὃӶÌÎ
ὃӶ ὃӶ ύ

ὃӶύ
 ύÌÎ

ύ ὃӶ ύ

ὃӶύ

ὃӶύ ÌÎρ ЍςὩЍ π     σȢρς 

where we have made use of Eqn. 3.11 to simplify the final term in Eqn. 3.12.  The two 

solution branches are shown in Fig. 3.8. The square solution to Eq. 3.12 is ὃӶ ύ , and 

this ñsquareò solution branch  in Fig. 3.8 is given by  

ύ  ὃӶ  Ƞ     π ὃӶ ρ  σȢρσ 
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The numerical solution for the second or ñrectangularò solution to Eqn. 3.12 is also plotted 

in Fig. 3.8. The minimum energy solution converts from squares to rectangles at  ύ ὃӶ

ρȢ  An asymptotic approximation for the rectangular branch of Eqn. 3.12 that gives good 

agreement with the numerical solution for ὃӶ ρȢχυ is: 

ύ πȢυτχπȢρρτὃӶ πȢπυφσὃӶ πȢπσυςὃӶ πȢπςτχ ὃӶ     σȢρτ   

The leading term is ςὩ Ѝ ρ Ѝς πȢυτχȟ which gives the limiting stripe width, 

ύ πȢυτχύ υȢυ‏ὩȾ  for large domain areas or stripe lengths. The domain width is 

roughly constant for ὃӶ υ.  As the domain area increases, the stripes lengthen, and Eqn. 

3.14 shows that the energy no longer depends on the length of the domains, but only on the 

width of the domains. We see from Figs. 3.1-3.4 that the final stripe widths are uniform 

and independent of the stripe length, and hence domain area, consistent with Eqn. 3.14 and 

Fig. 3.8. Image analysis can provide the area and width of stripe domains for different 

spreading solutions and surface pressures to determine ύ  from Eqn. 3.14, and then ‗‘ϳ

 ὔ  for the various stripes. 

At surface pressures below the transition (Fig. 3.6B), the semi-circular domains shown 

in Figs. 3.1 to 3.4  are such that ὃ ὃ  ρππ‏Ὡ ϳ  as the line tension between 

the 2:1 DPPC:HD LC phase and the DPPC/DChol LE phase is high, making ‗‘ϳ  large.  

The epitaxial growth of DPPC on the original 2:1 DPPC:HD domains decrease the line 

tension, ‗, causing ὃ to decrease and make ὃ ὃ. These domains transition from 

the ñsquareò solution branch (Fig. 3.8) by the slow conversion of individual ñsquareò 

domains into stripes of uniform width, ύ πȢυτχύ . The data for all mixtures shows that 
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the striped domains widths vs areas lie along the rectangular branch of the solution to Eqn. 

14 for ὃӶ ς for all compositions tested. As the domains widths decrease,  ὃӶ increases and 

the domain width approaches ύ πȢυχτύ υȢυ‏Ὡϳ Ȣ 
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Figure 3.9. Reversible stri pe-to-circle-to-stripe transition by temperature cycling.  

 

A) Stripes are the equilibrium configuration at 22ᴈ and a surface pressure of 8.5 mN/m. 

B) Increasing the temperature to > 25ᴈ at 8.5 mN/m places the system above the binary 

coexistence line in Fig. 3.6A, causing the stripes to shorten and C) eventually revert to the 

same semi-circular shapes present at low surface pressures in Figs. 3.1 to 3.4. This suggests 

that the DPPC layer that grew on the 2:1 DPPC:HD domains melted away, leading to a 

higher line tension boundary. D) The cooling process involves growth of the low line 

tension DPPC boundary, which in turn initiates the Mullins-Sekerka fingering instability. 

E) As the system cools, the fingers grow similar to when the surface pressure is increased 

at a constant temperature. F) Cooling the monolayer back to 22ᴈ causes the stripes to re-

form with similar width to (A).  The process can also be reversed by changes in surface 

pressure at constant temperature (Appendix, Figure S1.11). 
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For ὃӶ ς, the data do not agree with the predicted bifurcation of the square to stripe 

solution occurring at ὃӶ ρ in Fig. 3.8.  This is not unexpected as the actual shape of the 

domains is not square in Figs. 3.1-3.4, but semi-circular. Eqn. 2 describes the energy of an 

isolated circular domain, which predicts a single optimal radius and domain area for a given 

value of ‗‘ϳ . Unlike the rectangular domains in which both ύ  and ὃӶ can vary, for circular 

domains, the continuum theory predicts a single value for the optimal radius and domain 

area. However, the data for ὃӶ ς does not have any clear optimal value, consistent with 

previous observations that semi-circular and circular domains sizes are polydisperse and 

likely set by kinetic effects of nucleation and growth. 

     The results presented in Fig. 3.8 are consistent with the stripe domains being an 

equilibrium shape with a minimum energy configuration dictated by the ratio of line 

tension to dipole density difference,  ‗‘ϳ ὔ . True equilibrium requires that the final 

morphology be path independent; we find identical stripe widths if we cross the binary 

coexistence curve by increasing the surface pressure at constant temperature or by lowering 

the temperature at constant surface pressure (Fig. 3.6A).  Figure 3.9 shows the first 

temperature cycle at a constant surface pressure of 8.5 mN/m for a spreading solution of 

9:1 rac-DPPC:HD + 1.5 mol % DChol that followed a constant pressure cycle to reach the 

stripe morphology. Fig. 3.9A shows stripes of uniform thickness at 22.0 ̄C and 8.5 mN/m.  

If we raise the temperature while keeping the surface pressure constant at 8.5 mN/m, the 

stripes shorten and thicken (Fig. 3.9B), until at 25.1 ̄C, the semi-circular domains with 

single cusps are recovered (Fig. 3.9C). Reducing the temperature back to 22C̄ induces the 

fingering instability and the eventual conversion back to stripes (Fig. 3.9F) that are very 
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similar in width as Fig. 3.9A. The stripe widths are independent of the pathway taken, 

consistent with an equilibrium morphology. The transition also shows that a single stripe 

forms from a single circular domain, and that the cusp defect is retained throughout the 

cyclic path. The fingering instability in Figs. 3.9D and 3.9E only occur on cooling while 

the DPPC is being condensed onto the crystalline domains, which confirms that these are 

growth instabilities induced by the decreasing line tension.   This cyclic return to the same 

structures is quite different from those previously found in most LC-LE or LD-LO  systems 

that form circular domains, in which the size distribution of the domains is determined by 

the nucleation and growth kinetics rather than the minimum energy radius from Eqn. 3.2 

(71). Supplementary Figure S1.11 shows a similar stripe-to-circle morphology change can 

be obtained by decreasing the surface pressure at a constant temperature consistent with 

Fig. 3.6A.  

     Fig. 3.10 shows the surface pressure and temperature dependence of the stripe width 

plotted in terms of the Bond number  ÌÎ
Ȣ

‗‘ϳ ὔ .  For these calculations, the 

minimum distance between dipoles, ‏  1 nm. At all three ratios of DPPC to HD, DPPC 

to PA and racemic DPPC to HD, ὔ  and the stripe width was indistinguishable when PA 

replaced HD or racemic DPPC replaced r-DPPC over the entire range of surface pressure. 

This suggests that neither the composition of the binary crystals that initially formed the 

domains at low surface pressures nor the chirality of the domains, determine the stripe 

width. However, the stripe width does depend on the ratio of DPPC to HD or PA in the 

spreading solution. At the transition surface pressure of 6 mN/m, the three systems have 

roughly the same ὔ  of ~ 6-7, suggesting that this ὔ  marks the boundary between 
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circles and stripes. For the 3:1 DPPC:HD, the stripe width of 7 ±1 µm and ὔ  ~ 7 was 

independent of surface pressure. For the 9:1 DPPC:HD ratios, the stripe width decreased 

logarithmically from 5.5 µm to the optical resolution limit of  < 0.5 µm with  surface 

pressure, and hence roughly linearly with ‗‘ϳ  until leveling off for surface pressures 

greater than 12 mN/m.  The 5:1 DPPC:HD ratio also decreased logarithmically from 5 µm 

to 2 µm with surface pressure, hence, also linearly with ‗‘ϳ  to surface pressures of ~ 10 

mN/m before leveling off.  This may have to do with the gradually increasing DChol 

fraction in the LE melt as more DPPC is added to the growing LC domains. 
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Figure 3.10. Surface pressure and temperature dependence of the stripe width.  

A) Stripe domains take on an equilibrium shape dictated by a minimum energy 

configuration set by the ratio of line tension to dipole density difference squared, ‗Ⱦ‘Ȣ 

From the stripe widths, w, an estimate of ‗Ⱦ‘ can be obtained from ÌÎ
Ȣ

‗‘ϳ ὔ  

for 1 = ‏ nm.  At all three spreading ratios of DPPC to HD or PA, b = 3 (blue points), 5 

(green points), and 9 (red points) containing 1.5 mol % DChol, ‗Ⱦ‘ was indistinguishable 

when PA replaced HD or rac-DPPC replaced r-DPPC. The initial value of ‗Ⱦ‘ is 
independent of composition, however, this ratio does depend on b as the surface pressure 

is varied. For b = 3, ‗Ⱦ‘ is independent of surface pressure whereas for b = 5 and b = 9, 

‗Ⱦ‘ decreases before reaching a plateau, with b = 9 reaching the lowest values. The line 

width likely depends on the composition at the LE-LC boundary, which changes as a 

function of surface pressure. B) Domain stripe widths are normalized relative to stripe 

width at ςςᴈ. All compositions include 1.5 mol % DChol.  Mixtures containing 3:1 r-

DPPC:PA (blue squares) show minimal temperature dependence, while both 5:1 r-

DPPC:PA (green circles) and 9:1 r-DPPC:PA (red asterisks) show an almost identical 

temperature dependence over the presented temperature range. 
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Fig. 3.10B shows that the stripe width is temperature sensitive for the 9:1 and 5:1 at 

constant surface pressure. The plot shows the stripe width normalized by the stripe width 

for that DPPC:PA ratio at 22̄ C. Decreasing the temperature does not change the stripe 

width of the 3:1 DPPC:PA  mixture. The 5:1 and 9:1 DPPC:PA decrease significantly with 

decreasing temperature. It is difficult to measure the composition of the LC domain and LE 

melt, so we have not made a direct correlation between local compositions and Bond 

number.  However, as DPPC is depleted from the LE phase, the fraction of DChol and 

Texas Red DHPE increase, which may be the origin of the surface pressure and temperature 

dependence of the stripe width. At high enough DChol mole fractions, DPPC-DChol 

monolayers convert into disordered liquid Ld phases, which may act to lower the line 

tension between the LC phase and the melt. 

3.3 Discussion and conclusion  

 

We show here that monolayers spread from mixtures of DPPC, HD (or PA), and DChol 

are among the few systems that spontaneously form domain morphologies that 

quantitatively agree with the predictions of continuum theory based on the competition 

between the energetic contributions of dipole-dipole interactions and line tension (64). The 

stripe morphology and equilibrium stripe width are the same regardless of how the stripes 

are approached, either by changes in surface pressure or changes in temperature.      

    Our results are consistent with the hypothesis that the transition between circles and 

stripes is due to the change in line tension caused by the growth of a DPPC rich phase at 
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the domain boundaries.  HD and PA, which have small headgroups but the same 16 carbon 

saturated alkane chains as the large headgroup DPPC, co-crystallize with DPPC at a 2:1 

DPPC:HD stoichiometric ratio which reduces the tilt of the crystal lattice imposed by the 

difference in headgroup and chain packing area requirements. Monolayers spread from 

solutions with DPPC in excess of the 2:1 DPPC:HD stoichiometric ratio first nucleate LC 

domains with 2:1 DPPC:HD ratios that have a high line tension with their associated LE 

phase. Eventually, the limiting HD is depleted from the LE phase and the LC domain 

composition at the boundary changes from the 2:1 DPPC:HD stoichiometry to more nearly 

pure DPPC. In the presence of as little as 0.5 mol% dihydrocholesterol, this decreases the 

line tension at the boundary sufficiently to induce a Mullins-Sekerka type growth 

instability that results in fingers of well-defined spacing to erupt from specific regions of 

the domain boundary with the lowest line tension. The fingers are likely stabilized by the 

dipole density difference that prefers high aspect ratio shapes.   

    The domain growth ends as the system reaches equilibrium at constant surface pressure 

and temperature, causing the fingers to anneal away to leave behind extended rectangular 

stripes consistent with minimum energy solutions based on the competition between line 

tension and the dipole density difference described by Eqns. 3.8-3.14. For sufficiently large 

domains, the energy depends only on the domain width and is asymptotically independent 

of the domain length. This equilibrium width provides estimates of the Bond number,  

ὔ ‘ ‗ϳ for the LC-LE phase that depends on composition, surface pressure, and 

temperature. A single cusp singularity is present in each domain throughout the transition 

consistent with long-range tilt orientational order that leads to a heterogeneous line tension 
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that is a maximum at the cusp, and a minimum on the side opposite the cusp.  These cusps 

are similar to those described as virtual boojums in the liquid crystal literature (107). 

Exchanging racemic DPPC for native r-DPPC eliminates the chiral twist of the domains 

leaving behind stripes that are straight for hundreds of microns.  This circle-to-stripe 

equilibrium transition can equilibrate relatively easily as each stripe domain achieves its 

optimal width by relatively fast self-reorganization rather than the much slower global 

Ostwald ripening required of circular domains. As the domain energy is asymptotically 

independent of the stripe length, each domain can reach an optimal width without needing 

to exchange material with other domains.       

    Future work will show if these stripes, which have distinctly different ends determined 

by the tilt orientation, can be ordered in flow or electric fields, and could act as templates 

for organizing membrane proteins or other molecules with different solubility in LC vs LE 

phases. This may provide an interesting model system for quantitative studies on the role 

of monolayer organization on the reaction-diffusion of proteins in monolayers and bilayers. 

This work also shows the dominant effect of cholesterol in regulating domain morphology 

even at trace concentrations. These alterations in morphology can explain the effects 

cholesterol has on the interfacial shear and dilatational rheology of lung surfactant films 

and raises further questions on the role of cholesterol in replacement lung surfactants (17, 

19, 96). 
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3.4 Materials and methods 

 

Experimental Design:  This study used confocal fluorescence microscopy to analyze 

domain morphology in phase-separated lipid-cholesterol films at the air-water interface in 

a Langmuir trough.  

Material s.  Ultrapure water (resistivity Ó 18.2 -ɱ ÃÍ) from a Milli-Q Direct-Q 3 UV-R 

system (MilliPore) was used as the subphase for all experiments. 1,2-Dipalmitoyl-sn-

glycero-3-phosphocholine (r-DPPC, R-enantiomer) (Avanti Polar Lipids, Alabaster, Al) or 

1,2-Dipalmitoyl-rac-glycero-3-phosphocholine (racemic DPPC, rac-DPPC) (Millipore 

Sigma, Germany) was mixed with palmitic acid (PA) (Millipore Sigma, Germany) or 1-

hexadecanol (HD) (Millipore Sigma, Germany) in various molar ratios with small mole 

fractions of dihydrocholesterol (DChol) (Millipore Sigma, Germany) in chloroform 

solution.  Dihydrocholesterol was used instead of cholesterol to minimize oxidation but 

has little impact on monolayer morphology or phase behavior ((64)). Fluorescence contrast 

was achieved via the addition of 0.75 mol % Texas-Red DHPE (N-(Texas Red sulfonyl)-

1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Invitrogen, Grand Island, NY).  

The Texas-Red DHPE is excluded from LC domains and segregates to LE domains, 

providing image contrast.  Replacing the insoluble Texas Red DHPE dye with soluble 

Rhodamine 123 in the subphase does not change the fingering instabilities or the circle to 

stripe transition (36) (Figure S12, Supplementary Materials). 

Langmuir trough .  A custom-built Langmuir trough allows for simultaneous surface 

balance measurements and confocal microscopy visualization of monolayer domain 
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morphology.  The trough is made from milled polytetrafluoroethylene (PTFE). A 

continuous, stainless steel ribbon barrier is used to change the monolayer area and to 

prevent material leakage.  The maximum and minimum trough areas are 145 and 45 ÃÍ 

respectively.  The surface pressure (reduction in surface tension from a clean air-water 

interface) was recorded with a filter paper Wilhelmy plate tensiometer (Riegler and 

Kirstein, Germany) and calibrated using ultra-pure water at 22ᴈ. An infrared 

thermocouple (OS36SM, Omega Engineering) measured the interfacial temperature.  A 

circulating water bath (Fisher Scientific) provided rough temperature control, and a flexible 

resistive heater (Minco) underneath the PTFE trough provided fine temperature control.  A 

custom-milled Delrin cover was used to limit evaporation and reduce interfacial motion 

due to external air currents in the room.  

Isotherms.  Mixtures of DPPC, HD (or PA), DChol, and Texas-Red DHPE were diluted 

to 1 mg/mL total concentration in HPLC-Plus grade chloroform (Millipore-Sigma, 

Germany) to form a spreading solution.  The spreading solution was deposited dropwise 

from a Hamilton syringe (Reno, Nevada) onto the air-water interface of the Langmuir 

trough described above. 1 hour was allowed for solvent evaporation prior to film 

compression.  The trough was compressed at a constant speed of 10 ÃÍȾÍÉÎ for all 

experiments.  A computer interface written in LabVIEW (National Instruments, Austin, 

TX) handled trough barrier control, temperature control, and data collection.  

Confocal fluorescence microscopy.  Laser scanning confocal microscopy was performed 

using a C1 confocal scan head fitted to an Eclipse 80i upright microscope (Nikon 

Instruments). A Nikon plan apochromatic 20 objective (1.0 mm working distance, 0.75 
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NA, air immersion, 170 ʈÍ coverslip correction) was used for all experiments. The 

objective was heated using a flexible, resistive heater to prevent condensation onto the 

objective for temperature-dependent experiments. 

Statistical Analysis.  All image analysis was performed using ImageJ.  The reported error 

in all presented analyses is the standard deviation calculated from a minimum of 30 images 

from at least 3 different experiments.  Domain shape analysis was performed on confocal 

images that were converted to 8-bit and rendered binary using the Huang thresholding 

method.   The area fraction of LC phase was determined using the built-in ImageJ ñArea 

fractionò function.    Domain area and perimeter were determined by ImageJ built-in 

functions.  The domain stripe widths were determined via manual measurements (15 

measurements per stripe, 100 stripes per surface pressure or temperature condition) and 

corroborated with image analysis (see Supplementary Materials for details).  
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Chapter 4: Structural evolution from kinetic controlled to equilibrium in 

phospholipid-cholesterol monolayers  

 

Chapter 3 demonstrated that the addition of DChol to DPPC and HD or PA can lead 

to fingering instabilities that when held at constant surface pressure transition the ñcircular 

domainsò into stripes of uniform width. The stripes of uniform width were shown to be 

reversible with changes in surface pressure or temperature and we used a continuum theory 

to show that the stripes are near equilibrium states. However, we did not show the role of 

kinetics in initiating the fingering instabilities, how kinetics affects the circle to stripe 

transition, and if kinetics determines the time to evolve from circle to striped morphology. 

This chapter will investigate the role of compression rate and surface pressure quench on 

film microstructure and dynamics.  

4.1 Introduction  

 

Surfactants play an important role in cleaning, personal care, and pharmaceutical 

products. Surfactants also play an important role in many biological systems with examples 

including tear films, cell membranes, and lung surfactant(12, 62, 70). The vast number of 

applications has led to many efforts aimed at understanding the properties of surfactant 

films(114). Of particular interest are insoluble surfactants that self-assemble into organized 

structures in 2-dimensions. The dimensional simplicity of these films makes them ideal to 

study the fundamental science that governs monomolecular phase behavior, 

microstructure, and surface rheology(115-117).  
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Phase separation in phospholipid monolayers was first observed over half a century 

ago in which crystalline domains (historically known as the liquid condensed (LC) phase) 

nucleate and growth within a disordered matrix (known as the liquid expanded (LE) 

phase(118).  The size and shape of the two-dimensional domains that form are predicted to 

follow a continuum theory where one-dimensional interfacial energy effects are balanced 

by electrostatic interactions(64, 75, 119, 120). McConnell proposed that the shape and size 

of domains is determined by a balance between line tension (‗), the 2D analog to surface 

tension, and the dipole density difference (ɝ‘) between the LC and LE phases. ‗ acts to 

minimize the perimeter to area ratio which tends to produce circular domains while ɝ‘ acts 

to produce linear features since dipoles tend to repel. We can arrive at the free energy per 

molecule, F/N in non-interacting circular domains of radius r(121).  
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We see that increasing ‗ favors the domain radius to increase, while increasing ɝ‘ favors 

the domain radius to decrease. For a given composition, surface pressure, and temperature 

we would expect to be able to obtain equilibrium domain sizes and shapes(119). However, 

experimentally there have not been any observations of lipid monolayer systems in 

agreement with theoretical predictions on global equilibrium. In the case of liquid-ordered 

(Lo) and liquid-disordered (Ld) systems, it is believed that local molecular equilibrium 

between the two phases can be quickly reached, as evident by measurements of area 

fraction(122). The driven force for local equilibrium is strong and set by thermodynamics 

(lever rule, area per molecule). However, the domain size distribution and shape seem to 

be driven by kinetic factors and then trapped in long-lived meta-stable states. The time 

scale for reaching global equilibrium is slow and experimentally unattainable for two main 

reasons, 1) differences between line tension and electrostatics are small compared to 

thermal energy, and 2) global equilibrium is achieved by Oswald ripening in which 

molecules from certain domains evaporate and get incorporated into other domains until 

all domains reach an equilibrium size and shape.     

In Chapter 3 we showed that systems composed of DPPC, HD, and DChol display 

circular morphology below a critical surface pressure associated with a fingering 

instability(123). As the surface pressure is increased beyond the instability transition 

pressure, we see fingers that anneal into stripes of uniform width when the surface pressure 

is held constant over the course of nearly an hour. This system is particularly exciting to 

understand because of two reasons: 1) our work on this system was the first to show a 

transition from a meta-stable state to equilibrium state in a reversible, repeatable, and 
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systematic way that agrees quantitively with continuum theory. 2) First example of crystal 

growth instabilities that do not anneal to circular shapes over time. There is a rich 

background of qualitative work that demonstrate growth instabilities develop depending 

on how the monolayer is compressed, but in all prior systems the growth instabilities 

disappear and give rise to more circular morphologies when the system is allowed to 

relax(124-130). Thus, there has not been a motivation to quantitatively understand how 

experimental parameters lead to growth instabilities or shape transitions.  

The stripe phase morphology is believed to get close to equilibrium on its own by 

modulating stripe width without having to change overall domain area. And although we 

have shown that the shape evolution is reversible with changes in temperature and surface 

pressure, it is not clear if changing kinetically controlled parameters also support that the 

stripe phase is an equilibrium state. Here we investigate the role of compression rate and 

surface pressure quench on both the development of fingering instabilities and the circle to 

stripe shape evolution. We show in a systematic way that compression rate controls the 

finger instability widths for a given surface pressure quench, yet compression rate does not 

affect the time required for the domains to evolve into stripes or the equilibrium stripe 

widths. As a comparison we show that surface pressure quench at a constant compression 

rate controls the fingering instabilities, equilibrium stripe widths, and the time required for 

the shape evolution. Our findings highlight that film morphology is dependent on surface 

pressure quench and compression rate in addition to composition and temperature, thus 

providing a quantitative and detailed story on why no two monolayers have the same 

morphology.  
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4.2 Results  

4.2.1 Role of compression rate  
 

Phospholipid monolayers phase separate into a crystalline-like phase commonly 

referred to as the liquid condensed phase (LC) within a liquid-like matrix known as the 

liquid expanded phase (LE)(63). Contrast in the images is due to the fluorescent dye (Texas 

Red DHPE) partitioning into the LE phase, and thus the LC domains appear black, while 

the LE phase appears bright.  Figure 4.1 shows representative fluorescence images of the 

morphological transitions that occur in monolayers composed of 9:1 r-DPPC:HD mol ratio 

with 1.5 mol% DChol as the surface pressure is increased to 6.5 mN/m at various 

compression rates and then maintained at a constant surface pressure over the course of 

nearly an hour. We show three compression rates: 3 cm^2/min (A to D), 25 cm^2/min (E 

to H), and 50 cm^2/min (I  to L ) 3 cm^2/min. The chosen compression rates span the largest 

available range of our instrument while also avoiding compression-induced surface 

motion. At roughly 1 minute after reaching a surface pressure of 6.5 mN/m, all compression 

rates led to finger instabilities of various widths. A slow compression rate (3 cm^2/min) is 

associated with the largest finger widths on the order of 5ͯ.5 ‘ά (A), an intermediate 

compression rate (25 cm^2/min) produced finger widths on the order of ͯ 3.5 ‘ά (E), and 

the fastest compression rate produced the thinnest fingers on the order of 1ͯ.5 ‘ά (I ). 

Holding the surface pressure constant over roughly 50 minutes led to the finger instabilities 

to transition into stripe of uniform width. All compression rates led to nearly identical stripe 

morphologies of nearly equal width (ͯ3.5 ‘ά). We postulated in chapter 3 of this 
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dissertation that the stripe phase is an equilibrium state since it was found to agree 

quantitatively with continuum theory and is reversible with temperature and surface 

pressure, and here we support this claim by showing that the stripe phase does not depend 

on growth kinetics. 

When looking at the time progression of the morphological evolution, we observe 

that the details of how the fingers evolve into stripes depends on the starting finger widths. 

In the case of a slow compression, the finger widths are larger than the equilibrium stripe 

widths and thus as a function of time the number of ñfingersò appears to initially increase 

within the first 5 minutes (compare panel A and B) and then as a function of time until the 

stripe phase is reached, the number of branches remains roughly the same. In the case of 

an intermediate compression rate, the finger widths are about the same width as the stripes 

(see Fig. 2 for quantitative analysis on finger vs stripe widths). Comparing panels E and F, 

we do not see a noticeable increase in the number of branches. And as the fingers evolve 

into stripes, we see that the number of branches remains roughly constant (compare panels 

G and H). For a fast compression rate the finger widths are significantly smaller than the 

equilibrium stripe widths and we observe that the number of fingers tends to decrease as a 

function of time. In the first 5 minutes (panel J) of the evolution we observe what appears 

as fingers merging at the ends and then extending as a single finger. As a function of time 

the number of fingers decreases slightly (panel K ) and ultimately the fingers stretch out at 

the expense of the core of the domain and turn into stripes (panel L ). We note that it is 

possible that over the course of many hours the branches in the stripe phase would anneal 

into a single stripe. It is also possible however that the multiple branches are required to 
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alleviate the geometric frustration induced by the molecular tilt of the chiral DPPC 

lipids(131, 132).  
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Figure 4.1 Role of growth kinetics on domain instabilities and circle to stripe 

transition  

 

Representative fluorescence microscopy images of monolayers spread from 9:1 r-

DPPC:HD with 1.5 mol % DChol at a temperature of 22ᴈ to a constant surface pressure 
of 6.5 mN/m at various compression speeds: 3 cm2/min (A to D), 25 cm2/min (E to H), and 

50 cm2/min (I to L). The finger instability widths are found to get thinner with faster 

compression rates (compare A, E, & I). Holding the surface pressure constant over the 

course of roughly 50 minutes leads the finger instabilities to anneal into stripes of uniform 

width that are invariant to the starting instability widths or compression rate. All 

compression rates led to the same final stripe widths of 3ͯ.5‘ά 
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In Figure 4.2 we quantitatively compare the effect of compression rate on the finger 

instability and stripe width. For analysis of the fingering instabilities, we include any image 

that was taken within 1 minute of reaching our target surface pressure of 6.5 mN/m. We 

measured the finger widths roughly mid-way between the web of the fingers and the finger 

tips (insert provides a representative example). The finger instability widths (red circles) 

decrease nearly linearly with an increase in compression rate while the stripe widths (black 

squares) remain constant at a width of 3ͯ.5‘ά. This result shows that the finger 

instabilities are highly sensitive to how the experiment is performed as the finger widths 

decrease nearly an order of magnitude from υͯȢυ ‘ά down to πͯȢχ ‘ά by changing the 

compression rate from 3 to 50 cm^2/min. Studies have shown that in lipid monolayers of 

DPPC the phase behavior (“ ὃ isotherm) is unchanged when the compression rate is 

modulated(125, 126, 128). However, there has been evidence that compression rate alters 

the morphology of various phospholipids(127, 128, 130). It is possible that the observed 

triskelion morphology associated with DPPC is a variation of the fingering instabilities 

observed here. This idea is supported by reports of DPPC relaxing from triskelion to 

circular bean-like structures when the surface pressure is held constant over the course of 

many hours(127). 
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Figure 4.2 Effect of compression speed on finger instability and stripe widths  

 

Measurements of finger instability widths (red circles) and stripe widths (black squares) of 

films composed of 9:1 r-DPPC:HD + 1.5 mol % DChol at a temperature of 22ᴈ and 
compressed to a surface pressure of 6.5 mN/m at varying compression rates (3, 10, 15, 25, 

35, and 50 cm^2/min). Measurements of the finger widths were taken roughly halfway 

between tip of finger and finger webs, see insert for representative example. The finger 

widths decrease linearly with increase in compression rate. In contrast, the stripe width is 

constant and independent of the compression rate (width3ͯ.5 microns). This shows that 

the fingering instabilities are determined by the kinetics of crystal growth. While the stripe 

morphology is an equilibrium state set by the composition, surface pressure, and 

temperature(123). 
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In Figure 4.3 we show that the time for circular domains with fingering instabilities 

to evolve into stripes is independent of the compression rate.  We showed that the 

compression rate affects the widths of the starting finger instabilities, where we see from 

Fig. 4.2 that at low compression rates (3 to 25 cm^2/min) the finger instabilities are larger 

than the stripe widths (fingers ͯ5.5 ʈÍ vs stripes ͯ 3.5ʈÍ for a compression rate of 3 

cm^2/min) and thus as a function of time the fingers evolve by decreasing their width. For 

a compression rate of 25 cm^2/min the finger instabilities and stripe widths are roughly the 

same, and thus the fingers do not need to change their widths significantly as they elongate 

into stripes. At high compression rates (25 to 50 cm^2/min) the finger instabilities are 

smaller than the stripe widths (fingers 1ͯ.5ʈÍ vs stripes ͯ 3.5ʈÍ for a compression rate 

of 50 cm^2/min) and thus as a function of time the fingers evolve by increasing their 

widths. Not only do we see that the shape evolution time is independent of compression 

rate, but it also insensitive to the fingers needing to increase or decrease in size over time 

as they evolve into stripes.  
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Figure 4.3 Morphology evolution time as function of compression rate 

 

Measurements of the time required for circular domains with finger instabilities to anneal 

into stripes of uniform width as a function of compression rate. Films composed of 9:1 r-

DPPC:HD + 1.5 mol % DChol at a temperature of 22ᴈ and compressed to a surface 

pressure of 6.5 mN/m. The evolution time of domains with fingers into stripes is 

independent of the compression rate. 
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Figure 4.4 shows that when the monolayer is compressed at a constant compression 

rate of 3 cm^2/min to surface pressures higher than when the fingers are first observed, the 

width of the fingers decreases. It is useful to define a surface pressure quench: 

“ “ “  

Where “  is the surface pressure at which fingers first form for a given temperature 

and composition (“  = 6 mN/m at 22ᴈ). The surface pressure quenches in Fig. 4.4 

are 1, 1.4, 1.7, 2.2, and 2.5 mN/m respectively for panels B through F. Below the transition 

surface pressure the morphology is semi-circular domains (panel A) and it is only for 

“  equal or greater than zero at which fingering instabilities are observed. At this 

compression rate the fingers get thinner and more spiraled while the number of fingers 

remain roughly constant as the film is compressed. The addition of DChol causes fingers 

to become thinner and more spiraled at a given surface pressure, temperature, and 

compression rate(123). The accepted hypothesis is that DChol reduces the line tension of 

the LE-LC interface. We postulate that as the film is compressed, the concentration of 

DChol in the melt increases and that this leads to a decrease in the line tension, leading to 

smaller and more spiraled fingers.  
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Figure 4.4 Surface pressure quench determines instability finger widths 

 

Representative fluorescence microscopy images of monolayers spread from 9:1 r-

DPPC:HD with 1.5 mol % DChol at a temperature of 22ᴈ compressed at a constant rate 
of 3 cm^2/min to various surface pressures: A) 5.7 mN/m, B) 7.0 mN/m, C) 7.4 mN/m, D) 

7.7 mN/m, E) 8.2 mN/m, and F) 8.5 mN/m. The image progression was taken from the 

same film as it was continuously compressed. As the surface pressure is increased the 

morphology becomes increasingly dominated by the finger instabilities and less of the 

semi-circular domain core remains. A higher surface pressure quench results in fingers 

becoming thinner and more spiral. This shows that in addition to compression rate (see Fig. 

4.1) the surface pressure quench also influences the finger instability widths.  
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In Figure 4.5 we quantitatively show how the fingering instability widths (black 

dots) change as a function of surface pressure quench and how the stripe widths (red 

crosses) change as a function of surface pressure. In these experiments the finger 

instabilities correspond to films that were compressed to a given surface pressure at 3 

cm^2/min and then immediately imaged. The stripe widths correspond to the width 

obtained by holding the surface pressure constant over the course of an hour. The fingering 

instabilities decrease nearly linearly from a width of φͯȢυ ‘ά to πͯȢψ‘ά over a surface 

pressure quench range of 0 mN/m to 3 mN/m. Likewise, the stripe width decreases from 

5ͯ.5‘ά to 1ͯ.8‘ά over the same surface pressure range. We note that at low surface 

pressure quenches (“  ͯ π ρȢυ mN/m) the finger instabilities are larger than the 

equilibrium stripe width and thus the initial fingers need to evolve into smaller structures. 

And at higher surface pressure quenches (“  ͯ ρȢυ σ mN/m) the initial finger 

instability widths are smaller than the equilibrium stripe widths, and thus as a function of 

time the finger instabilities anneal into larger structures.    
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Figure 4.5 Effect of surface pressure quench depth on finger widths 

 

Measurements of finger instability widths (black dots) and stripe widths (red crosses) of 

films composed of 9:1 r-DPPC:HD + 1.5 mol % DChol at a temperature of 22ᴈ. Film was 

compressed at a rate of 3 cm^2/min to various surface pressures. For finger instability 

measurements, images taken within 1 minute of achieving the desired surface pressure 

were analyzed. For the stripe widths, the system was allowed to anneal at constant surface 

pressure for roughly 1 hour. Measurements of the finger widths were taken roughly halfway 

between tip of finger and finger webs, refer to Fig. 4.2. Both the finger widths and stripe 

widths decrease nearly linearly with increase in surface pressure. At low surface pressures 

quenches (0-1.5 mN/m) the finger widths evolve into stripes of smaller widths, while at 

higher surface pressure quenches (1.5-3 mN/m) the fingers evolve into stripes of larger 

widths.  
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In Figure 4.6 we show that as we increase the surface pressure quench, the time 

required for the domains to evolve into stripes decreases. The criteria used to determine the 

time required for the morphology evolution was when the film morphology was entirely 

stripes and further wait time did not result any changes to the film morphology. Panels C, 

F, and I  show that for a surface pressure quench of 0, 1.5, to 3 mN/m the time required for 

the fingers to evolve into stripes is 60, 30, and 20 min respectively. The film morphology 

within 1 min of compressing to the target surface pressure quench of 0, 1.5, and 3 mN/m 

is shown in panels A, D, and G. We show in panel B, E, H the morphology at the mid-way 

point of the total time required for the circle to stripe evolution (30 min, 15 min, and 10 

min respectively). In Figure 4.7 we quantify the time for domains to undergo the 

morphological evolution. We find that the evolution time decreases nearly linearly over the 

pressure range of 6 to 8 mN/m and at pressures near 9 mN/m the evolution time appears to 

reach a plateau. 
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Figure 4.6 Quench depth affects how quickly circles evolve into stripes  

 

Representative fluorescence microscopy images of monolayers spread from 9:1 r-

DPPC:HD with 1.5 mol % DChol at a temperature of 22ᴈ. Film was compressed at a 

compression rate of 3 cm^2/min to surface pressure quenches of 0 mN/m (A to C), 1.5 

mN/m (D to F), and 3 mN/m (G to I). The surface pressure quench is defined relative to 

the fingering transition pressure of 6 mN/m (quenches correspond to surface pressures of 

6, 7.5, and 9 mN/m respectively). Film microstructure is shown 1 minute after reaching the 

target surface pressure (initial), half of the time to transition into stripes (mid), and the time 

to reach a complete stripe phase (final). The circle to stripe transition follows the same 

general characteristics for all surface pressure quench depths, however, a higher quench 
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depth results in a faster transition from the fingering instabilities to stripes of uniform 

width. Compare transition time in C (0 mN/m, 60 min), F (1.5 mN/m, 30 min), and I (3 

mN/m, 20 min).  
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Figure 4.7 Circle to stripe transition time as function of quench depth 

 

Measurements of the time required for circular domains with finger instabilities to anneal 

into stripes of uniform width as a function of monolayer surface pressure. Films are 

composed of 9:1 r-DPPC:HD + 1.5 mol % DChol, subphase is at a temperature of 22ᴈ 
and film compressed at a rate of 3 cm^2/min. The time required for the transition was 

determined from fluorescence imaging and defined as the time at which the film 

morphology was stripes of uniform width that did not change with further wait time. 

Consistent with Fig. 4.6, we find that a higher surface pressure quench results in a faster 

transition time. We believe that as the surface pressure is increased the driving force to 

transition into stripes increases (line tension decreases significantly, dipole density 

differences remain constant). The starting morphology becomes progressively more stripe-

like as the surface pressure is increased, making it easier to transition into stripes as less of 

the circular domain core needs to be converted into stripes. At high surface pressures (9ͯ 

mN/m), the transition time begins to reach a plateau.  
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When the film is compressed at a constant compression rate to varying surface 

pressure quenches, the time for the morphology to evolve from fingers to stripes varies 

inversely with the pressure quench. Fig. 4.5 shows that the finger widths can either increase 

or decrease in size as they grow and elongate into stripes depending on the surface pressure 

quench. Thus, it seems unlikely that the observed time dependence is due to fingers 

elongating to different dimensions. We note that as the surface pressure is increased more 

of the domain core is depleted by the formation of fingers. The initial formation of fingers 

is driven by kinetics and occurs on the order of seconds, while the transition from fingers 

to stripes is limited by plastic flow of material within the domains and driven by the balance 

between line tension and electrostatics and occurs on the order of tens of minutes(90, 133, 

134). This leads us to predict the time required for domains to transition from circles to 

stripes is a function of the area of a domainôs circular that needs to deform plastically to 

conform to stripes(135-137).  

Additionally, this explains why the evolution time plateaus at high surface 

pressures. We have found that the area of the domains remains roughly constant through 

the transition (one circle domain turns into one stripe, Appendix). And thus, the formation 

of fingers occurs at the expense of the original semi-circular domain. And as the surface 

pressure is increased, more and more of the domain core becomes depleted. This process 

will continue until the there is no more domain core to be converted into fingers, thus 

explaining qualitatively why the time for finger to evolve into stripe reaches a plateau.  
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4.2.2 Connection to theory 
 

The classical Mullins-Sekerka theory states that a crystal growing in a melt can 

undergo instabilities depending on the competition between surface tension and mass 

transport(138, 139). As a crystalline front grows it can be subject to sinusoidal 

perturbations and concentration gradients tend to drive the growth of these instabilities. In 

2D crystals, opposing the instabilities is line tension, which acts to dampen any 

perturbations to the crystal perimeter thereby lowering interfacial energy. The Appendix 

has a derivation of the Mullins-Sekerka instability and in this chapter, we revisit the 

pertinent equations. As the line tension decreases, the interface becomes unstable to 

interfacial perturbations and fingers begin to grow. The critical wavenumber for growth of 

the fingers is given by: 

Ὧ
ὺ‌ ɝῲ

ςὈ‗

ρ

ςὰὰ
                     τȢσ 

where ὰ
Ὀ
ὺ is the diffusion length, or the ratio of the diffusivity, Ὀ, of DPPC in the 

melt to ὺȟ the average crystal growth front velocity.  ὰ ‗
‌ Ўῲ   is the capillary 

length, or the ratio of the line tension, ‗, to ‌ Ўῲ , where Ўῲ ῲ ῲ  is the 

difference in concentration between the 2-D crystal and the melt (ῲ ρ
ὥ, where ὥ is the 

area per molecule) and ‌ ḳ ‬‘‬ῲϳ  is the convexity of the free energy at the 

equilibrium melt concentration. The fastest growing wavenumber is given by: 

Ὧᶻ  
Ὧ
Ѝσ
               τȢτ 
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Where the spacing of the fingering instabilities is given by: 

Ὠ ͯ
ρ

Ὧz
 φὰὰ  

φὈ‗ 

ὺ‌ ɝῲ
                        τȢυ 

We expect Ὀ, the diffusivity of the liquid phase to be constant for a given temperature 

and composition and thus not vary with compression rate or surface pressure quench. Ўῲ 

can be determined from isotherms and X-ray diffraction measurements by knowing ὃ , 

the area per molecule in the LC phase and ὃ  the area per molecule in the LE phase at 

coexistence: 

Ўῲ ρ
ὃ

ρ
ὃ             τȢφ 

Again, we do not expect the area per molecule of the LC and LE phase to change 

significantly with changes in compression rate or surface pressure quench, and thus the 

difference in concentration between the crystalline and liquid phase (Ўῲ) is likely constant 

in our experiments(19, 140).  

The values of the convexity, ‌ ḳ ‬‘‬ῲϳ  of the free energy surface can be 

roughly approximated from the ˊ-A isotherm in the LE phase. For an isothermal, 1-

component system (neglecting the fact that the monolayer is multicomponent),  

Ὠ“ ɜὨ‘ or Ὠ‘Ὠ“ϳ ρȾɜ,         (4.7) 

which is the Gibbs-Duhem relation for a 1 component monolayer.  The chain rule gives 

‬‘‬ῲϳ ‬‘Ὠ“ϳ ‬“Ὠῲϳ ρȾɜ ‬“Ὠῲϳ        τȢψ 

As ɜ ρȾ! in which A is the area/molecule in a pressure-area isotherm experiment,   
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           ‬“Ὠῲϳ ‬“Ὠ ὃ‬“Ὠὃȟϳ  and ‬‘‬ῲϳ ὃ‬“ὨὃȢ      τȢω  ϳ  

From the slope of the ˊ-A isotherm at the beginning of the solid-liquid coexistence region, 

and the area/molecule, ALE, can be used to estimate ‌. The pressure-area isotherms of 

DPPC are not sensitive to the compression rate(125, 126) and the slope of the pressure-

area isotherm is roughly constant over the surface pressure quenches tested. Thus, the 

convexity of the free energy is expected to be nearly constant for various compression rates 

and surface pressure quenches. The parameters that are likely to vary with compression 

rate and/or surface pressure quench are the velocity of the crystalline front and line tension.  

Classical nucleation theory states that for an isolated domain growing quasi-

statically the velocity of a crystallization front is approximated by(141):  

ὺͯ
Ὀ

Ὑ
ɝ
ςὨ

Ὑ
            τȢψ 

Where Ὀ  is the diffusion coefficient of the melt, ɝ is a relative concentration 

supersaturation, Ὑ is the crystal radius, and Ὠ is the capillary length given by: 

Ὠ
‗

ɝὅ
‬‘
‬ὅ

             τȢω 

Where ɝὅ is the concentration difference between the LC and LE phases, ‘ is the chemical 

potential. We see that velocity of the crystal front depends on both the supersaturation and 

the line tension. Thus, we will explore how both might vary as the surface pressure quench 

and compression rate are modulated.  
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  As the surface pressure quench is increased, the system is driven farther away from 

equilibrium, and thus this leads to an increase in the supersaturation. In the case of a single 

crystal growing in a melt the concentration supersaturation is constant, however in the case 

of multiple crystals growing near each other, the supersaturation will decrease as the as the 

area fraction of the solid phase increases (Lifshifz-Slyosov theory). We speculate that at 

the slowest compression rates we are close to the quasi-static approximation and thus the 

crystal front growth velocity is driven by incremental changes as the film is compressed 

and the surface pressure increases. As the compression rate is increased, it is likely that the 

crystals no longer experience an incremental change in the concentration supersaturation, 

and instead the system experiences a large supersaturation that will drive rapid crystal 

growth. Following Eq. 4.5 we expect that the finger spacings would decrease with an 

increase in compression rate while keeping all other parameters constant. Experimentally 

we find that the finger instability widths decrease nearly linearly with compression rate 

over the range tested in agreement with this qualitative assessment.  

We showed in Chapter 3 that the ratio of the line tension to the difference in dipole 

density difference squared (‗Ⱦɝʈ  decreases as a function of surface pressure for a given 

temperature and composition. It was found that DChol is responsible for the circle to stripe 

transition, and from the stripe measurements we were able to directly determine ‗Ⱦɝʈ. 

The physical picture for how ɝʈ might change with surface pressure is that lipids decrease 

their molecular tilt as the pressure is increased(76, 142, 143). This is a phenomenon that is 

expected to occur for all compositions of our ternary lipids as the surface pressure is 

increased. However, we know that without DChol, there is no shape transition. Thus, we 
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hypothesize that any changes to do occur to ɝʈ as a function of surface pressure are small 

relative to changes to ‗ as a function of surface pressure.  

The physical picture of line tension is that of a change in the molecular 

organization, tilt, or composition along the LC-LE boundary(73, 79, 144-148). It is believed 

that a large ‗ is associated with a dramatic/abrupt change in the molecular organization, 

tilt, or composition whereas a gradual transition is associated with a relatively low ‗. DChol 

is believed to be line active(19, 38, 108, 111, 116, 144, 145, 149-152), and it was shown in 

chapter 3 that DChol changes ‗Ⱦɝʈ as a function of surface pressure. Since ɝ‘ is unlikely 

to vary with surface pressure, we believe that DChol is responsible for the decreases in ‗. 

It is possible that the compression rate would have an impact on how DChol might be able 

to organize at the LC-LE boundary, however we currently do not have a good picture of 

how DChol is distributed in the LE phase nor exactly how it is able to change the line 

tension.    

Our samples contain 1.5 mol % DChol, and if we assume that all the DChol remains 

in the LE phase (per the analysis in chapter 3) (along with any excess DPPC that does not 

co-crystallize with HD), then we can roughly calculate how DChol gets concentrated in the 

LE phase. We find values for the solid phase area fraction of 0ͯ.25, ͯ 0.4, to ͯ 0.63 for 

surface pressures of 6, 7.5, and 9 mN/m respectively (corresponding to panels A, D, and G 

from Fig. 4.6) and a simple area calculation says that the DChol concentration in the melt 

increases by a factor of 1.33, 1.67, and 2.7 respectively. We have shown in chapter 3 that 

increasing the DChol concentration in the spreading solution causes fingers to become 
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thinner and more spiral, again consistent with the idea that DChol decreases the line 

tension.  

4.3 Conclusion  

 

We have shown that compression rate allows for systematic control of the finger 

instability widths but does not affect the equilibrium stripe widths or the evolution time 

from circles to stripes. We find that in the range of 3 to 50 cm^2/min, a faster compression 

rate led to the initialization of thinner fingers. This illustrates that the finger instabilities 

are driven by kinetic parameters as predicted by the Mullins-Sekerka theory of growth 

instabilities. We hypothesize that the interplay between compression speed and how 

quickly concentration differences can be equalized near the LE-LC boundary influences 

fingering instability growth and thus help determine the finger width. This leads us to 

believe that many multi-lobe structures seen in phospholipid monolayers are due to growth 

instabilities(95, 125-128, 130, 153, 154). 

By modulating the surface pressure quench the fingering instabilities widths, stripe 

widths, and the time required for the circle to stripe shape evolution can be controlled. We 

find that increasing the surface pressure quench leads to a near linear decrease in both the 

finger and stripe widths for the range of surface pressure quenches tested (“ ȡ 0-3 

mN/m). We argue that as the surface pressure is increased, the difference in dipole density 

remains roughly constant while line tension decreases, and this results in a decrease in the 

stripe width.  Likewise, we believe that by increasing the surface pressure quench, line 

tension decreases while the supersaturation increases, both contributing to the development 
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of finger instabilities.  The time scale for finger development and growth as a function of 

surface pressure quench is on the order of seconds to minutes(133, 134), while the time 

scale for plastic flow of macro-sized domains is on the order of tens of minutes(136, 137). 

Thus, the time for fingers to evolve into stripes depends on how much of the original semi-

circular domain core is present for a given composition, temperature, and surface pressure. 

In nearly 50 years of work on lipid monolayers there has not been quantitative data 

that matched with theoretical predictions regarding equilibrium domain size and shapes. 

Crystal growth instabilities have been observed in surfactant films and circular domain 

shapes have been shown to be the stable shape following annealing at constant surface 

pressure. Here we show semi-quantitatively that both kinetic and thermodynamic 

parameters govern the development and growth of crystal instabilities. These instabilities 

evolve into stripes of width predicted by continuum theory and are invariant to kinetic 

growth conditions. This shows that the stripe morphology in DPPC/HD/DChol systems is 

truly near equilibrium and thus provides an opportunity to understand at a fundamental 

level how soft crystalline materials grow, organize, and flow in 2-dimensions.  

4.4 Materials and methods  

 

Experimental Design:  This study used fluorescence microscopy to analyze domain 

morphology in phase-separated lipid-cholesterol films at the air-water interface in a 

Langmuir trough.  
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Materials.  Ultrapure water (resistivity Ó 18.2 -ɱ ÃÍ) from a Milli-Q Direct-Q 3 UV-R 

system (MilliPore) was used as the subphase for all experiments. 1,2-Dipalmitoyl-sn-

glycero-3-phosphocholine (r-DPPC, R-enantiomer) (Avanti Polar Lipids, Alabaster, Al) 

was mixed with 1-hexadecanol (HD) (Millipore Sigma, Germany) in various molar ratios 

with small mole fractions of dihydrocholesterol (DChol) (Millipore Sigma, Germany) in 

chloroform solution. Dihydrocholesterol was used instead of cholesterol to minimize 

oxidation but has little impact on monolayer morphology or phase behavior (64). 

Fluorescence contrast was achieved via the addition of 0.5 mol % Texas-Red DHPE (N-

(Texas Red sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Invitrogen, 

Grand Island, NY).   

Langmuir trough .  A Langmuir trough (NIMA) allows for simultaneous surface pressure 

measurements and fluorescence microscopy visualization of monolayer domain 

morphology.  The trough is made from milled polytetrafluoroethylene (PTFE). A single 

PTFE barrier is used to change the monolayer area.  The maximum and minimum trough 

areas are 255 and 55 ÃÍ respectively.  The surface pressure (reduction in surface tension 

from a clean air-water interface) was recorded with a filter paper Wilhelmy plate 

tensiometer (NIMA ) and calibrated using ultra-pure water at 22ᴈ. An electronic 

temperature sensor was used to record subphase temperature (NIMA). A circulating water 

bath (Fisher Scientific) provided temperature control. A 3D printed cover was used to limit 

evaporation and reduce interfacial motion due to external air currents in the room. A 

stainless-steel convection reduction stage (custom built) was placed below the microscope 

objective to further reduce subphase convection and monolayer flow.   
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Sample preparation.  Mixtures of DPPC, HD, DChol, and Texas-Red DHPE were diluted 

to 1 mg/mL total concentration in HPLC-Plus grade chloroform (Millipore-Sigma, 

Germany) to form a spreading solution.  The spreading solution was deposited dropwise 

from a Hamilton syringe (Reno, Nevada) onto the air-water interface of the Langmuir 

trough described above. In all experiments we deposited 25 ‘Ὣ of material to the interface. 

1 hour was allowed for solvent evaporation prior to film compression.  The trough was 

compressed at a various compression speed as indicated in the text.  NIMA software 

(version RT 7.8) handled trough barrier control, surface pressure acquisition, and data 

collection.  

Fluorescence microscopy.  Images were taken on an Olympus BX-FLA upright 

microscope using a cooled CCD Retiga EXi 1394 camera from QImaging (Surrey, BC, 

Canada). We extracted images from videos of the interface (20 frames per second, 2-3 

seconds of video). The Texas-Red DHPE is excluded from LC domains and segregates to 

LE phase, providing image contrast.   

Statistical Analysis.  Measurements of the domain finger widths and stripe widths were 

taken manually with ImageJ and were verified with image processing techniques in python. 

All image analysis was performed using ImageJ and data was plotted using MATLAB.  

The reported error in all presented analyses is the standard deviation calculated from a 

minimum of 30 images from at least 3 different experiments. We measured the widths of 

roughly 100 fingers and 100 stripes for each experimental condition.  
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Chapter 5: Role of composition on monolayer phase behavior, surface 

rheology, and nano-mechanics  

 

This chapter builds on Chapter 3 where we showed that the addition of DChol to mixtures 

of DPPC and HD leads to the evolution from a meta-stable state (circle shapes) to an 

equilibrium state (stripes) via a crystal growth instability. Chapter 4 elaborated on the 

fingering instabilities where we showed that fingers are driven by thermodynamic and 

kinetic factors, while the stripe phase is invariant to crystal growth kinetics. In this chapter 

will shift  focus to practical performance considerations, namely how does composition 

affect the interfacial spreading properties of LS films. We investigate how film phase 

behavior relates to surface rheology on the air-water interface.  We then transfer films from 

the air-water interface onto supported substrates to characterize the nanomechanical 

properties of the LC and LE phases.   

5.1 Introduction  

 

 Lung surfactant (LS) is a lipid-protein mixture that coats the air-water interface of 

the alveoli. Its main function is to make breathing possible by reducing the interfacial 

tension of the alveolar interface. An additional aspect of proper LS function is its ability to 

flow or resist flow during breathing. Prior work in this dissertation has looked at the role 

that microstructure and phase behavior play in determining LS function. In this chapter, 

we will investigate the interfacial spreading properties of LS as this is an important 

performance consideration for a successful synthetic LS formulation. During inhalation the 

alveoli expands quickly, and the LS needs to have a low surface viscosity to quickly spread 
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on the air-water interface.(15, 57, 115, 155-157) During exhalation, there is a surface 

tension gradient between the outer lung, (bronchi surface tension,  ͯ σπ Í.ȾÍ  and deep 

in the lung, (alveolus, surface tension  ͯ π Í.ȾÍ).(15) Such gradients will induce a 

Marangoni flow from low to higher surface tension regions,  effectively removing LS from 

the alveolus.(15)  However, everyday experience suggests that this is not the case and an 

essential question is what stabilizes LS against the induced convective flow.(15)  Our 

groupôs ongoing work has shown that there is a dramatic change in the rheological 

properties, namely, the surface viscosity of LS films with surface tension and composition, 

that might counteract the convective flow and keep LS where it belongs.(15-20)           

 Of particular interest is the model system composed of r-DPPC, HD, and DChol. 

Previous work has shown that DPPC and DChol in the presence of palmitic acid (PA), 

shows an initial multiple order of magnitude increase in the surface shear viscosity as a 

function of surface pressure followed by a more gradual increase in the viscosity.(96) It 

was found that DChol causes a decrease in the surface viscosity at higher surface pressures, 

and it was argued based surface viscosity data from binary mixtures of r-DPPC and DCHol, 

that the decrease in the viscosity of the ternary mixture was due to the LE phase becoming 

less dissipative.(96) Literature on transferred films from the air-water interface onto 

supported substrates shows that the in phase separated systems, the LE phase is more 

dissipative as indicated by friction force from atomic force microscopy 

measurements.(158) The interpretation offered is that the LE phase has higher degrees of 

freedom, and thus has more ways to dissipate energy as the tip interacts with the lipid 
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tails.(158) Thus, there are conflicting interpretations of why the monolayer surface 

viscosity might decrease with DChol, and in this Chapter we will investigate this question.  

In this work, we show that at low surface pressures, film surface rheology is related 

to the growth of the crystalline phase and independent of composition. We model the trend 

in the surface viscosity using a 2D suspension model where the LC phase domains are 

treated as hard circular discs interacting in a low viscosity matrix.(159) At higher surface 

pressures, DChol acts to make the films less dissipative. We find that DChol inhibits the 

growth of the LC phase, and we show using various AFM techniques that DChol 

destabilizes both the LE and LC fi lm morphology. DChol gives rise to a softer more fluid-

like submatrix within the LE phase. We find that the nano-mechanical properties of the LC 

and LE phase are fundamentally different; the LC phase is more elastic, while the LE phase 

is highly dissipative. These results are found to be largely independent of composition.  

Thus, we find contradicting results when we study the monolayer-scale vs domain-scale 

behavior ï on one hand the monolayer-level dissipation decreases as measured via micro-

rheology, while at the domain level, more of the LE phase is present which is found to be 

more dissipative than the LC phase. We propose an alternative explanation: the decrease in 

domain size and percolation leads to a decrease in domain-domain interactions and an 

increase in intra-domain lubrication, both which cause the surface viscosity to decrease 

with the addition of DChol. 
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5.2 Results and discussion 

 

5.2.1 Macro-behavior: surface rheology and phase fraction 
 

It is believed that large rheological changes should occur as a function of surface 

pressure to allow for proper respiration and keep lung surfactant in the alveoli.(15)  Figure 

5.1 presents rheological data courtesy of the Squires lab, UCSB (panel A) and solid phase 

area fraction measurements for ternary mixtures of DPPC, HD, and DChol (panel B).  Panel 

A shows a 3 order of magnitude increase in the film surface viscosity (–) for surface 

pressures in the range of 0 to 8 mN/m, which we will define as region 1.  And a further 1-

2 order of magnitude increase for surface pressures in the range of 8 to 40 mN/m, which 

we will define as region 2.  In region 1 we find that the surface viscosity increases 

exponentially (note semi-log plot) and the trend is insensitive to the DChol composition. 

In region 2, the viscosity data does not increase as rapidly as in region 1 and there is 

systematic decrease in – for increasing DChol content. This indicates that DChol plays 

two fundamentally different roles in the observed surface viscosity trends; in region 1 the 

system is insensitive to DChol content, and we have a dramatic increase in the surface 

viscosity. While in region 2, the surface viscosity levels off and DChol acts to make the 

monolayer less viscous. 
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Figure 5.1 Influence of DChol on surface shear viscosity and solid phase area fraction  

 

Panel A shows surface viscosity vs surface pressure, “ for a 3:1 DPPC:HD + X-mol % 

DChol as recorded by the microbutton technique.  For all compositions there is a 2-3 orders 

of magnitude increase in the surface viscosity in the surface pressure range of 0-8 mN/m 

(region 1) and further increase in surface viscosity of 1-2 orders of magnitude in the surface 

pressure range of 8-40 mN/m (region 2).  DChol does not significantly influence viscosity 

in region 1, but acts to make the film more fluid-like in region 2. Panel B shows the LC area 

fraction (%) vs surface pressure for 3:1 DPPC:HD + X mol % DChol.  We find a linear 

increase in LC area fraction in region 1 and then a plateau in region 2.  The area fraction 

decreases with increasing DChol content in region 2.  
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These results agree qualitatively with the idea that during exhalation (high surface 

pressure) high – is required to prevent Marangoni flow from driving lung surfactant from 

the alveoli out towards the outer lung, and during inhalation (low surface pressure) low – 

is required for rapid LS re-spreading as the alveoli quickly expands. Our main hypothesis 

is that surface rheology is influenced the phase behavior of the film.  Figure 5.1 panel B 

quantitatively shows that the area fraction depends on the film surface pressure.  We find 

a linear increase in the LC phase fraction, ὃ  vs surface pressure in region 1 where the 

trends are largely independent of the DChol composition. In region 2, we observe that the 

LC area fraction reaches a plateau and that increasing DChol content leads to a decrease in 

the LC area fraction. We note that in region 2, at surface pressures greater than 18 mN/m 

the Texas Red dye begins to self-quench, and we cannot obtain reliable confocal images to 

extract phase fraction measurements. Thus, we find that DChol acts to reduce the film 

surface viscosity and also the solid phase area fraction. 

To relate the observed trends in film surface viscosity to the area fraction of the LC 

phase, we make use of a 3D suspension model where hard spheres are suspended in a 

viscous fluid.(159) The 3D model states that the reduced viscosity (ratio of the suspension 

viscosity divided by the continuous fluid viscosity) of the system scales as the number of 

particles in contact ρ  where ‰ is the volume fraction and ‰  is a critical volume 

fraction, divided by the short-time self-diffusivity which scales as (1- ‰Ⱦ‰ ).(159) It is 

expected that these arguments also hold for 2-dimensional systems, where the volume 

fraction of the hard spheres gets replaced by the area fraction of hard circular discs.(96) In 

our experiments, the suspension viscosity is replaced by the measured surface viscosity 
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– , the continuous fluid viscosity is replaced by the viscosity of the LE phase – ), the 

volume fraction of the hard spheres is replaced by the area fraction of the LC phase ὃ , 

and the critical volume fraction is replaced by a critical area fraction ὃ ): 

–

–
ρ
ὃ

ὃ
   ρ 

Figure 5.2 shows our fit to the 2D suspension model from Eqn. 1 for various amounts of 

DChol. Panel A shows fit to the exponent when we set the area fraction to that of random 

loose packing, ὃ  = 77.2%.  When we average all compositions, we find an exponent of 

1.967 with a 95 percent confidence interval of 1.927 and 2.008, which is very close to the 

theoretical value of 2. The viscosity of the LE phase is found to be 0.009 ‘ὖὥ ί ά with a 

95 % confidence interval of 0.0085 to 0.0099 ‘ὖὥ ί ά. The predicted LE surface viscosities 

are low, and we believe that we are simply measuring the surface shear viscosity of water.  

In panel B we show a table of the critical area fractions for various amounts of 

DChol when we set the exponent in Eqn. 1 to -2.  The values are all relatively constant, 

although we do see a weak trend of more DChol corresponding with a lower critical area 

fraction. We find an average ὃ  of 73  3%, which again is consistent with the random 

loose packing approximation. The physical interpretation is that the surface viscosity in 

region 1 increases in a power law relationship as the LC domains interact with other 

domains, where the approximation is that they interact as hard circular discs. In reality the 

domains are not perfectly circular, nor are they truly solid and this might explain the small 

discrepancy between theory and the results of our fitting parameters.  
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Figure 5.2 2D suspension model relating surface viscosity and LC phase fraction 

Relating surface viscosity to LC phase area fraction using a 2-D suspension model. Panel 

A shows fit of surface viscosity data to Eqn. 1 using a random loose packing approximation 

for the critical area fraction (77.2%). We find the fitting exponent, n, to be 1.967 (1.927, 

2.008 for 95 % confidence interval) and the surface viscosity of the LE phase (y-intercept) 

to be 0.009 ‘ὖὥ ί ά (0.0085 to 0.0099 ‘ὖὥ ί ά for 95 % confidence interval). Panel B 

shows fits to the critical area fraction, AC when the exponent is fixed at n = 2. We find AC 

to be 73 3 %, good agreement with the random loose packing approximation. Surface 

viscosity and area fraction measurements of films composed of 3:1 r-DPPC:HD + X-mol 

% DChol where X ranges from 0, 2, 4, 6, and 8 mol % DChol with a subphase temperature 

of 22ᴈ.  
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5.2.2 Nano-mechanics of transferred films 
 

We have found that DChol causes a fluidizing effect as indicated by a decrease in 

the surface viscosity in region 2. It has previously been hypothesized that DChol causes 

the LE phase viscosity to decrease.(96) And in this section, we investigate the nano-

mechanical properties of the LC and LE phase using various atomic force microscopy 

techniques. We transfer films from the air-water interface onto mica substrates using the 

inverted Langmuir-Schaefer technique using a custom-built deposition stage (See 

Appendix Fig. S2.3). We visualized the film morphology as the film was deposited on the 

mica substrate, and at optical resolution offered by fluorescence microscopy we cannot not 

see any discrepancies between the morphology at the air-water interface and on the mica 

substrate (See Appendix Fig. S2.13).  

We use dynamic-mode AFM and a soft cantilever (spring constant, k = 2 N/m) to 

image transferred films on mica in the attractive regime. In Figure 5.3 we show that the 

addition of DChol to a 5:1 r-DPPC:HD system causes the LC domains to decrease in size 

and destabilization of both the LE and LC phases morphology. Panel A shows representative 

morphology for a 5:1 r-DPPC:HD + 0 mol % DChol film and we see both the LC and LE 

phases are homogenous and continuous. Panels B through F show that the addition of 0.1 

to 8 mol % DChol cause the LE phase to become progressively more inhomogeneous and 

discontinuous with regions that the tip penetrates deeper (darker regions in the topography 

images). The LC phase remains homogeneous until approximately 1.5 mol % DChol, after 

which it develops nano-structures that the cantilever penetrates deeper into (similar to the 

regions that develop in the LE phase, darker regions in the topography images). The 
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interpretation is that DChol segregates into a more disordered phase that appears lower in 

height within the LE phase and causes the LC phase to have nano-scale inclusion of this 

same more disordered phase. Based on film morphology, we see that the domain sizes 

decrease from roughly 25 ‘ά for 0 mol % DChol down to 5 ‘ά for 8 mol % DChol. The 

interpretation is that DChol acts as a contaminant that inhibits crystal growth, thus leading 

to smaller domain sizes.(160)  The initial hypothesis is that the nano-structure inclusions 

within the LC phase are similar to the more disordered phase that develops in the LE phase, 

and in the next sections we will investigate this idea in more detail.  
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Figure 5.3 Cholesterol destabilizes film microstructure  

Films composed of 5:1 r-DPPC:HD with 0, 0.1, 0.5, 1.5, 2.5 and 8 mol % DChol (panels 

A through F respectively). Films transferred at a surface pressure of 5 mN/m and subphase 

temperature of 22ᴈ from the air-water interface onto mica substrates using the inverted 

Langmuir-Shaeffer technique using a custom transfer stage (see Fig. 5.5). AC-mode 

imaging in the attractive regime shows that the LE phase becomes increasingly 

inhomogeneous and discontinuous with LC-like islands when the content of DChol 

increases (starting at 0.1 mol % DChol). The LC phase is homogeneous at low DChol 

concentrations but develops óchocolate chipô nano-structures similar to the LE phase at 

higher DChol concentrations (greater than 1.5 mol % DChol).  Increasing DChol 

concentration also causes the domain sizes to decrease consistent with the idea that DChol 

acts as a contaminant to crystal growth (compare domain size of ςͯυ‘ά for 0 mol % 

DChol in panel A to ͯ υ‘ά for 8 mol % DChol in panel F).  
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To investigate the nano-mechanical properties of the LC and LE phase we use 

intermodulation AFM. In contrast to AC/dynamic-mode where the cantilever is driven at a 

single frequency, here the cantilever is driven at two frequencies, and when the cantilever 

interacts with the sample, non-linearities between tip-sample interaction give rise to 

additional frequencies that allow for measurements of conservative and dissipative tip-

sample interactions.(161, 162) Figure 5.4 shows the nanomechanical properties of a 5:1 r-

DPPC:HD + 1.5 mol % DChol film that was transferred onto mica. Panel A shows the 

frequency response of the cantilever interacting with the sample. We probe regions 

associated with the LC phase and the more disordered phase that appears in the LE phase in 

the presence of DChol (panel B). Panel C shows the conservative force where positive y-

values correspond to an attractive interaction between tip and sample, and negative values 

correspond to repulsive tip-sample interactions. We see that both the LE and LC phases 

initially have an attractive tip-sample interaction, however the LE phase is consistently 

more attractive than the LC phase. At stronger tip-sample interactions, the LC phase 

transitions to the repulsive regime at large oscillation amplitude while the LE phase stays 

attractive. Panel D shows the dissipative force, and we find that the LE phase is significantly 

more dissipative than the LC phase during primarily attractive tip-sample interactions. 

When the LC phase transitions to repulsive tip-sample interactions we see that the LC phase 

shows a stronger dissipation trend, however, the LE phase is still more dissipative overall.  
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Fig. 5.4 Intermodulation AFM: LE vs LC phase comparison 

 

Cantilever is driven at two frequencies and when tip is close to the surface non-linear tip-

surface interactions lead to multiple frequencies (panel A). Multiple regions associated 

with the L
E
 phase and L

C
 phase are probed to measure conservative and dissipative forces 

(panel B).  Both L
E
 and L

C
 phases show attractive tip-sample interactions as the oscillation 

amplitude is increased, however the L
E
 phase is more strongly attractive and remains in the 

attractive regime, whereas the L
C
 phase shows a repulsive tip-sample interaction at higher 

oscillation amplitudes (panel C). In the initial attractive tip-sample interaction, the 

dissipative force shows that the L
E
 is significantly more dissipative compared to the L

C
 

phase. And when the LC phase transitions to the repulsive regime, we see that the LC phase 

exhibits a stronger energy dissipation, however the LE phase still remains more dissipative 

overall even though it remains in the attractive regime (panel D).  
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Intermodulation-AFM would suggest that the more disordered part of the LE phase 

has fundamentally different viscoelastic properties and in this section, we investigate the 

role of composition on the nano-mechanics of each phase. In the Figure 5.5 we show high 

resolution images of the topography (panel A) and phase (panel B) for films composed of 

5:1 r-DPPC:HD + 0 mol % DChol. Using dynamic force-volume curves we find that the 

LE and LC phases are primarily attractive for weak tip-sample interactions (panel C), while 

at stronger tip-sample interactions the LC phase transitions to the repulsive regime, while 

the LE phase tends to remain in the attractive regime (panel D). We plot the approximate 

fractional energy dissipation per tip-sample encounter, which we define as: 

Ὁ
ÓÉÎ—

ὃӶ
ρ  

Where — is the phase angle, and ὃӶ ὃȾὃ is the set point amplitude ὃ normalized by 

the free oscillation amplitude ὃ . We find that for gentle tip-sample interactions (panel 

E) that the LE phase is more dissipative than the LC phase. And for more aggressive tip-

sample interactions (panel F) we find that the LC phase jumps to the repulsive interaction 

and thus appears to have a higher dissipation (this a natural effect of stronger tip-sample 

interactions). We note that in the amplitude range where both are in the attractive regime, 

the LE phase continues to be more dissipative. These results are consistent with our 

intermodulation work and suggests that even in the absence of DChol, the LE phase is 

intrinsically more dissipative.  
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Figure. 5.5 Nano-mechanics of LC and LE phase, 0 mol % DChol 

 

Panels A and B show topography and phase image of film composed of 5:1 r-DPPC:HD 

with 0 mol % Dchol transferred at a pressure of 5 mN/m and subphase temperature of 

22ᴈ from the air-water interface onto mica substrate. AC-mode imaging in the attractive 

regime aimed at gently interacting with the film. Both L
C
 and L

E
 phases are homogeneous 

in height and in phase. L
C
 phase topography appears higher, likely due to compliance 

effects (L
C
 phase being more crystalline) and phase image shows that L

C
 phase is more in 

the attractive regime. Panels C through F show A/A
0
 dependence of phase (panel C and E) 

and fractional energy dissipation per tip-sample interaction at two drive amplitudes to 

probe attractive and repulsive interactions. At low drive amplitudes, both curves follow the 

attractive branch and energy dissipation is slightly larger for the L
E
 phase. At a higher drive 

amplitude, the L
C
 phase jumps to the repulsive branch and thus appears multiple times 

more dissipative due to stronger tip-sample interaction.  
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To test the role of DChol, we investigate compositions ranging from 0.1 to 8 mol 

% DChol. Figure 5.6 shows the result for 8 mol % DChol and in the Appendix we show 

similar figures for 0.1, 0.5, 1.5, and 2.5 mol % DChol. The topography and phase images 

are shown in panels A and B respectively. Within the nominally LE phase, we probe the 

more disordered regions (lower height). For small amplitudes we find that both phases are 

in the attractive regime and that the LE phase is more dissipative, similar result as films 

without DChol (panels C and D). For stronger tip-sample interactions, we find that both 

phases start along the attractive branch, but at higher oscillation amplitudes, the curves 

transition into a nearly bi-stable interaction. Thus, it proves difficult to stabilize the 

repulsive regime for either phase. Overall, we still find that the disordered part of the LE 

phase is more dissipative, and this data might suggest that DChol begins to affect the 

dissipative nature of the LC phase at higher concentrations. This result would be consistent 

with the observation that at 8 mol % DChol (Fig. 5.3, panel F) we see nano-scale inclusions 

within the LC phase that are identical in height and dissipation as the disordered part of the 

LE phase.  
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Figure 5.6 Nano-mechanics of LC and LE phase, 8 mol % DChol 

 

Panels A and B show topography and phase image of film composed of 5:1 r-DPPC:HD 

with 8 mol % DChol transferred at a pressure of 5 mN/m and subphase temperature of 

22ᴈ from the air-water interface onto mica substrate. AC-mode imaging in the attractive 

regime aimed at gently interacting with the film (panel A shows topography, panel B shows 

phase image). Both L
C
 and L

E
 phase are inhomogeneous. L

C
 phase develops nano-

structures that are in height and phase nearly identical to the L
E
 phase, while the L

E
 phase 

exhibits large L
C
-like islands.  Panels C through F show A/A

0
 dependence of phase (panel 

C and E) and fractional energy dissipation per tip-sample interaction (panel D and F) at 

two drive amplitudes to probe attractive and repulsive interactions. At low drive 

amplitudes, we see both curves follow the attractive branch and energy dissipation is 

slightly larger for the L
E
 phase. At a higher drive amplitude, both the L

C
 and L

E
 phase 

attempt to jump to the repulsive branch but remain largely in the attractive regime. 

Fractional energy dissipation is nearly identical for both phases.  
 

  

  



  112  

Using contact-mode AFM we can measure the frictional force (dissipation) of the 

LE and LC phases by rastering the tip through the sample at various cantilever force loads. 

In Figure 5.7 we show friction force measurements for samples containing a binary 

mixture of r-DPPC + 1.5 mol % DChol and ternary mixtures of r-DPPC, HD, and DChol.  

We use r-DPPC:HD ratios of 5:1 and vary the DChol composition from 0 (green), 0.1 

(black), 0.5 (cyan), 1.5 (magenta), 2.5 (blue), and 8 mol % (yellow). The LC phase is shown 

with circles, and the LE phase is shown with triangles. We find that the lateral friction 

measurements are largely independent of composition and solely depend on the phase 

(molecular organization). The LE phase is consistently found to be more dissipative than 

the LC phase for a given cantilever set point (LE phase has a higher coefficient of friction). 

Lines are drawn to show the general trends in the data, LE phase has blue line and LC phase 

had a red line. We find that even for negative loading (the tip is attempting to disengage 

with the sample, but adhesive interactions keep the tip-sample connected) the LE phase is 

more dissipative. Overall, these results support the idea that the LE phase is intrinsically 

more dissipative than the LC phase and that this result is largely independent of 

composition. One explanation is that the higher degrees of freedom of the lipid tails in the 

LE phase allow for greater dissipation of energy as the tip interacts with the sample.(158)  
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Figure 5.7 Friction forceï LE vs LC phase comparison 

 

Lateral friction measurements vs cantilever set point for films composed of the binary 

mixture of r-DPPC + 1.5 mol % DChol and ternary mixtures of 5:1 r-DPPC:HD + X mol 

% DChol. Films were transferred from the air-water interface at a surface pressure of 5 

mN/m and subphase temperature of 22ᴈ. For the ternary mixtures, DChol composition 
ranges: 0 (green), 0.1 (black), 0.5 (cyan), 1.5 (magenta), 2.5 (blue), and 8 mol % (yellow). 

The L
E
 phase is shown with triangles and the L

C
 phase is shown with circles. There is no 

systematic trend in the lateral friction measurements with changes in composition. 

However, the L
E
 phase is more dissipative than the L

C
. We draw lines to show the general 

behavior of the data (blue line for L
E
 phase, red line for L

C
 phase).  
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We have found that the addition of DChol has a significant impact on film phase 

behavior and surface rheology, yet the nano-mechanical properties are largely composition 

independent. It has been suggested using grazing incidence x-ray diffraction that DChol 

does not incorporate itself into the solid phase and remains in the LE phase.(19, 157, 163) 

The idea proposed earlier in chapter 3 is that r-DPPC and HD co-crystallize and any excess 

DPPC and DChol are expelled to the LE phase. By looking at the chemical structures, as it 

is easy to see that r-DPPC and HD can organize together (see Appendix Fig. S1.3 and S1.4) 

for a more detailed explanation of molecular packing) whereas DChol is a bulky molecule 

and cannot fit in the r-DPPC/HD lattice. Thus, to investigate these hypotheses we turn to 

AFM infrared spectroscopy (AFM-IR), a technique that uses the tip of an AFM cantilever 

as a probe to detect thermal expansion of a sample that has been heated with infrared 

radiation.(164) This allows for compositional identification and mapping at nanometer 

resolution.  

Figure 5.8 shows a combination of AFM techniques (topography, friction, IR-

amplitude, and IR frequency) for a sample composed of 3:1 r-DPPC:HD with trace amount 

of DChol. We see in panels A through C that topography and friction images show contrast 

between the LC or LE phases. The LE phase is ñlowerò as the tip penetrates deeper into the 

sample, exhibits larger lateral friction, and is more in the attractive regime. AFM-IR shows 

in panels D and E that the IR-amplitude and IR-frequency display richer differentiation of 

material properties- the LC phase shows a contrast boundary that seems to originate at the 

domain cusp. And contrast in the LE phase is more complex than conventional AFM modes 

led us to believe. We see two distinct shades within regions that resemble the LC phase, the 
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discontinuous LE phase seems to all be one shade, but we do see the edges of the LC-like 

structures within the LE phase to be of a slightly different shade. On the surface this would 

indicate chemical differences, however, looking at the IR spectra (Appendix) we find that 

there are minimal differences between the two phases at the frequency that was used to 

image. Thus, we presume that the variations observed are due to mechanical/stiffness 

differences that the AFM-IR system is highly sensitive to.  
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Figure 5.8 AFM -Infrared spectroscopy  

All images are 5‘ά by 5‘ά. Topography (panel A), friction image (panel B), AFM-IR-

amplitude (panel C), and AFM-IR frequency (panel D) for a film composed of 5:1 r-

DPPC:HD with trace amount of DChol. Panels A through C show that there is minimal 

contrast within the LC domain under typical AFM acquisition modes, however for an IR 

frequency of 2852 cm-1, we find strong contrast in the IR amplitude and frequency signal 

(panels C and D). We hypothesize that the observed contrast within the LC domains in 

panels C and D are due to stiffness differences caused by changes in the molecular tilt.  
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We hypothesize that the variation within the LC phase is due to differences in the 

molecular tilt. There is a rich literature regarding how molecules can organize, and in the 

liquid crystal community it is common to think of molecular organization in terms of 

positional and orientational order, the combination defines the texture of the system.  There 

is experimental data from Brewster angle microscopy and polarized fluorescence 

microscopy that show that systems containing DPPC have molecular tilt grain 

boundaries.(95, 165, 166) The simple idea for the origin of these tilt grain boundaries is 

that crystals want to grow in a particular direction set by the underlying crystalline 

structure.(132, 167, 168) However, the chiral nature of the DPPC molecule attempts to 

induce a gradual change in the crystal growth direction, thus leading to geometric 

frustration.(95, 101, 131, 132) A solution is to have regions where the crystal texture is 

uniform followed by an abrupt change in the crystal texture, thus leading to texture grain 

boundaries.(95, 132, 165, 166, 169, 170) Since the infrared radiation is polarized, it is 

possible that AFM-IR could be picking up the anisotropic nature of the texture (molecular 

tilt) within the crystalline domains.(171) More work is required to verify this assumption 

along with determining the exact composition of the LE and LC phases, both which are very 

exciting and would elucidate many hypotheses within the field, however it is outside the 

scope of this work and will be the focus of future studies.  

5.3 Conclusion  

 



  118  

We find that our model lung surfactant system shows low surface viscosity at low 

surface pressure, and high surface viscosity at high surface pressures, both requirements 

for a successful synthetic formulation.(15, 57, 95, 157, 163, 172) We find the surface 

viscosity increases nearly 4 orders of magnitude during the initial domain growth stage, in 

the surface pressure range of 2 to 8 mN/m. Correspondingly, we find that the area fraction 

of the LC phase also increases in this surface pressure range. We use a 2D suspension model 

that states that the LC phase domains act like hard circular discs, where the viscosity of the 

film is due to domain-domain interactions. In this pressure range, both the viscosity and 

the area fraction are composition independent. At higher surface pressures, we find that the 

surface viscosity continues to increase, but only 1-2 orders of magnitude over a much larger 

surface pressure range (8 ï 40 mN/m). In this pressure range, DChol induces a relative 

decrease in the surface viscosity when comparing viscosities of different compositions. 

Thus, we find that DChol causes the monolayer to become less dissipative.   

Analyzing film morphology, we find that DChol causes the domains to decrease in 

size. AFM shows that DChol leads to the LE phase to breaking up into LC-like structures 

within a highly disordered matrix and leads the LC phase to develop LE-like nano-

structures. We use intermodulation-AFM and dynamic force volume curves to show that 

the disordered part of the LE phase is highly dissipative, while the LC phase is more elastic. 

We find a weak compositional dependence, and thus find that the LC and LE phases have 

intrinsically different dissipation properties. To support this, we probe the frictional force 

where we find strong differences between the LE and LC phases, and do not find strong 

compositional dependence. We use AFM-IR to map out possible compositional variations 



  119  

with the LC and LE phases, and although we do find contrast, we believe most of the signal 

is due to differences in the mechanical properties and how the tip couples to the sample. 

We do however find significant stiffness differences with the LC phase, suggesting possible 

molecular tilt grain boundaries. More work is required to differentiate composition. 

The physical interpretation based on our AFM work is that at the domain scale, the 

LE phase is more viscous than the LC phase, where this result is consistent at a variety of 

compositions. We further find that the domain sizes decrease with DChol composition and 

that both the LC and LE phases become more disordered. At the monolayer-scale, we find 

using fluorescence microscopy that DChol causes the LC phase fraction to decrease (LE 

phase fraction increases) and using surface micro-rheology we find that the films exhibit 

lower surface viscosity. This is a contradictory result, how can DChol introduce more of 

the highly dissipative LE phase, yet also show a decrease in the surface viscosity. We 

believe that itôs the decrease in the domain size and destabilization of the LC and LE phases 

that cause the monolayer to display more fluid-like properties. We suggest that domain-

domain interactions are the dominant contributions to the dissipative nature of the film. 

Thus, smaller LC domains and a larger fraction of the discontinuous LE phase act in a way 

that causes more lubrication between domains as the surface pressure is increased.  

5.4 Materials and methods  
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Experimental Design:  This study connects film phase behavior, surface rheology, and 

nano-mechanics to highlight the role of composition in establishing the function of model 

lung surfactant monolayers.  

Materials.  Ultrapure water (resistivity Ó 18.2 -ɱ ÃÍ) from a Milli-Q Direct-Q 3 UV-R 

system (MilliPore) was used as the subphase for all experiments. 1,2-Dipalmitoyl-sn-

glycero-3-phosphocholine (r-DPPC, R-enantiomer) (Avanti Polar Lipids, Alabaster, Al) 

was mixed with 1-hexadecanol (HD) (Millipore Sigma, Germany) in various molar ratios 

with small mole fractions of dihydrocholesterol (DChol) (Millipore Sigma, Germany) in 

chloroform solution. Dihydrocholesterol was used instead of cholesterol to minimize 

oxidation but has little impact on monolayer morphology or phase behavior (64). 

Fluorescence contrast was achieved via the addition of 0.5 mol % Texas-Red DHPE (N-

(Texas Red sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Invitrogen, 

Grand Island, NY).   

Langmuir trough .  A custom-built Langmuir trough allows for simultaneous surface 

balance measurements and confocal microscopy visualization of monolayer domain 

morphology.  The trough is made from milled polytetrafluoroethylene (PTFE). A 

continuous, stainless steel ribbon barrier is used to change the monolayer area and to 

prevent material leakage.  The maximum and minimum trough areas are 145 and 45 ÃÍ 

respectively.  The surface pressure (reduction in surface tension from a clean air-water 

interface) was recorded with a filter paper Wilhelmy plate tensiometer (Riegler and 

Kirstein, Germany) and calibrated using ultra-pure water at 22ᴈ. An infrared 

thermocouple (OS36SM, Omega Engineering) measured the interfacial temperature.  A 
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circulating water bath (Fisher Scientific) provided rough temperature control, and a flexible 

resistive heater (Minco) underneath the PTFE trough provided fine temperature control.  A 

custom-milled Delrin cover was used to limit evaporation and reduce interfacial motion 

due to external air currents in the room. The trough was compressed at 10 cm^2/min and a 

custom LabVIEW program handled trough barrier control, surface pressure acquisition, 

and data collection.  

Sample preparation.  Mixtures of DPPC, HD, DChol, and Texas-Red DHPE were diluted 

to 1 mg/mL total concentration in HPLC-Plus grade chloroform (Millipore-Sigma, 

Germany) to form a spreading solution.  The spreading solution was deposited dropwise 

from a Hamilton syringe (Reno, Nevada) onto the air-water interface of the Langmuir 

trough described above. In all experiments we deposited 17.5 ‘Ὣ of material to the 

interface. 1 hour was allowed for solvent evaporation prior to film compression.   

Confocal microscopy.  Phase fraction measurements were obtained using confocal 

microscopy. Laser scanning confocal microscopy was performed using a C1 confocal scan 

head fitted to an Eclipse 80i upright microscope (Nikon Instruments). A Nikon plan 

apochromatic 20 objective (1.0 mm working distance, 0.75 NA, air immersion, 170 ʈÍ 

coverslip correction) was used for all experiments.  

Fluorescence microscopy.  During film transfer from the air-water interface onto mica 

substrate, we imaged film morphology to verify that morphology did not change due to the 

transfer. Images were taken on an Olympus BX-FLA upright microscope using a cooled 

CCD Retiga EXi 1394 camera from QImaging (Surrey, BC, Canada).  
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Surface micro-rheology: Custom-built microbutton device measures interfacial shear 

rheology of monolayer films.(18)  Briefly, circular ferromagnetic probes with a magnetic 

moment have an oscillatory torque applied via a magnetic field.   The driving torque is kept 

small enough to be in the linear regime.  The microbuttonôs response is obtained by 

recording the position of two holes in the micro-button via bright field microscopy. To find 

the surface viscosity –  the hydrodynamic problem of a circular rotating cylinder within 

a viscoelastic monolayer on top of a vicious subphase is solved. 
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Chapter 6: Interfacial activity of graphene oxide: anisotropy, loading 

efficiency, and pH-tunability  

 

Material in this chapter is reproduced in part with permission from reference(173): 

 

C. Valtierrez-Gaytan, I. Ismail, C. Macosko, B. L. Stottrup, Interfacial activity of graphene 

oxide: Anisotropy, loading efficiency and pH-tunability. Colloids and Surfaces A: 

Physicochemical and Engineering Aspects 529, 434-442 (2017). 

 

Article abstract: 

In this work, we use Langmuir film-balance techniques and high-resolution Brewster angle 

microscopy (BAM) to investigate the surface activity of graphene oxide (GO) at the air-

water interface particularly focusing on surface packing mechanism for GO, its dependence 

on compression direction, its surface loading efficiency as well as a more detailed 

examination of the fundamental role played by pH in influencing the surface activity of 

GO. Evidence is presented to show that GO does not significantly rearrange itself at the 

air-water interface over several hours, and instead likely forms an interlocking network 

upon compression. It is shown using a series of successive loading experiments that the 

GO surface loading efficiency decreases with each successive experiment. Furthermore, 

by cycling the subphase pH between acidic and basic extremes, it is demonstrated that pH 

plays an important role in modulating the intrinsic surface activity of GO and driving it 

from the subphase to the interface. It is found that acidic subphase pH has a more 

pronounced effect than neutral or basic pH in driving GO to the interface.  Additionally, 

once at the surface, GO tends to remain adsorbed regardless of subsequent pH fluctuations 

ïadditionally these experiments illustrate the important role of sample preparation history. 

This picture reconciles previous reports on the subject and suggests that there are 

limitations to the pH-tunability of GO surface activity. Finally, based on the BAM and 

Langmuir isotherm evidence, we suggest a new mechanism behind pH-induced GO surface 

activity explaining how GO is driven to the interface and the role of acidic pH in imparting 

surface active character to the GO. Our results present a comprehensive and high resolution 

perspective on the nanoplatelet packing of GO at the air-water interface and examples of 

how GO films are sensitive to preparation history. 
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6.1 Introduction  

 

Grapheneôs unique combination of mechanical strength, optical transparency, and charge 

carrier mobility give graphene-based materials potential for a wide array of applications in 

electronics, energy storage, and polymer composites (174-177). However, there is a 

shortage of viable bulk graphene production methods for industrial applications.  One 

solution to this problem is the use of graphene oxide (GO). GO dispersed in water and 

various alcohols offers an excellent substitute which will regain conductive properties 

when it is reduced. GO films deposited using Langmuir-based coating techniques have 

been proposed for graphene-based electronic applications(178). 

Cote et al. first demonstrated the assembly of GO sheets (lateral sizes 5-30 ɛm) at 

the air-water interface(178). Through -́A isotherm cycles, they showed that GO films are 

stable and reversible upon uniaxial film deformation. They proposed three major regions 

in the ́ -A isotherm compression: dilute, close-packed, and over-packed corresponding to 

surface pressures ranging from 0-5 mN/m, 5-15 mN/m, and 15-35+ mN/m respectively. 

They used Langmuir-Blodgett films deposited on solid substrates to correlate -́A 

isotherms to film morphology. However, it remains unclear to what extent supported films 

represent the in-situ morphology of GO films at the air-water interface. In a follow-up 

paper, Cote et al. explored the pH dependence of GO sheets and found through low-

resolution Brewster angle microscopy (BAM) imaging that the film morphology at the 

interface changes for slightly acidic (pH = 5.5) and basic (pH = 10.0) subphase(179). Their 

results suggested that an acidic subphase leads to aggregate islands of GO sheets forming 
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at the interface, while a basic subphase leads to a more uniform sheet distribution(179). 

This was attributed to the pH-dependent hydrophilicity of the GO sheets. During 

monolayer compression, it was proposed that acidic subphase conditions induce hydrogen 

bonding between the carboxylic edge groups leading to wrinkles and folds.  However, for 

basic subphase conditions GO sheets were more wettable and thus a lubrication layer 

developed allowing the GO sheets to slide past each other during compression(179).  

Imperiali et al. used the compressional elastic modulus K to show that at a pressure 

of about 7 mN/m above the shifted baseline (due to the spreading solvent) a maximum GO 

film (lateral sheet sizes 200 nm to 5 ɛm) stiffness was obtained, and any further 

compression led to yielding of the interfacial monolayer(180). They transferred films at 

surface pressures of 25 mN/m and 30 mN/m then imaged with fluorescence quenching 

microscopy (FQM).  FQM is a visualization technique for GO sheets on solid substrates 

which utilizes the fluorescence quenching to provide contrast (181).  They found patches 

of GO aggregates, rather than continuous GO sheet coverage. They argued GO is present 

as loose aggregates at the interface.  During isotherm compression these aggregates are 

irreversibly pushed together to form larger aggregates.  More recently, Harrison et al. have 

characterized the mechanical properties of GO and reduced graphene oxide (RGO) films 

using Langmuir-based techniques in order to improve the transferability of these films onto 

arbitrary substrates(182).  

Previous work characterized surface packing of GO on transferred to solid substrates 

with to -́A isotherms, however transferred film morphology may not accurately 

reproduce in-situ morphology of GO films (178, 180). Using BAM we show full surface 
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coverage occurs near lift-off surface pressures. Further, the variety of -́A isotherms in the 

literature make it difficult to compare experiments. We show how Wilhelmy plate 

orientation, surface loading, and spatial inhomogeneities in material coverage affect -́

A curves. Finally, we illustrate that GO does not significantly rearrange itself at the air-

water interface. The important role of pH in observations of surface activity of GO sheets 

has been previously reported (179, 183-186). In particular, pH tuning affects the -́

A isotherms in the case of GO deposited directly onto the air-water interface using solvent-

based spreading (183, 184). However, little work has focused on GO solely injected into 

the subphase and pH cycling. Importantly, we show during a careful series of pH-cycling 

experiments pH history plays an important role in determining the observed surface 

activity. We propose a complementary hypothesis for GO surface activity due to H3O
+ ions 

coordinated by hydrogen bonding around the GO sheet in acidic conditions as opposed to 

basic conditions. This leads to mutual repulsion between loose hydroxonium ions in the 

subphase and GO sheets hydrogen-bonded to hydroxonium ions which lifts GO sheets to 

the air-water interface to minimize these electrostatic repulsions. 

6.2 Synthesis & materials 

 

GO was synthesized via modification of the method of Marcano et al. (2010)(187).  The 

graphite used had a size of 10-mesh (Alfa Aesar product no.: 43319, ~2000 ɛm). All other 

materials were obtained from Sigma Aldrich: sulfuric acid (98%), phosphoric acid (85%) 

and potassium permanganate (99%). Graphite was mixed with 120 mL of a 1:9 mixture of 

phosphoric and sulfuric acid for every gram of graphite. The graphite and acid mixture 

https://www-sciencedirect-com.ezp1.lib.umn.edu/topics/physics-and-astronomy/inhomogeneity
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were stirred for 30 min using an overhead propeller stirrer at 300 rpm to form graphene 

intercalation compound (GIC). KMnO4 was then added slowly in a 2:9 weight equivalence 

to the GIC to avoid an exothermic buildup that would normally increase the mixtureôs 

temperature (~35 oC). The resulting green mixture was stirred at 20 oC for 72 hours, until 

the color changed to purplish gray. 

Centrifugation was then conducted at 5000 rpm for 20 min in a Beckman-Coulter 

centrifuge, and the acidic supernatant discarded. The cake was redispersed in water, and 

H2O2 was then added slowly until no gas evolution was observed and the dispersion color 

changed from purple to light yellow. The dispersion was then centrifuged (5000 rpm, 20 

min) and the supernatant discarded. The cake was redispersed in water and formed a bright 

yellow dispersion. Washes were continued using 1 M HCl until the supernatant was free 

of sulphate ions, as detected by the barium chloride test. After each wash the dispersion 

was again centrifuged as above with a slow deceleration to prevent dispersion intermixing 

during the deceleration stage. The next step was a series of deionized water washes, 

conducted until the supernatant no longer tested positive for chloride ions using silver 

nitrate. The washing was performed similarly to the acid washes (5000 rpm) but the 

centrifugation time was increased to one hour, with the dispersion becoming increasingly 

brown in color. After the last wash, the cake was redispersed in deionized water and passed 

through a 500 micron (35 mesh) Sigma-Aldrich filter to remove dark particulates. Filtration 

and redispersion in deionized water were then carried out and the process repeated until no 

more dark particulates could be observed in dispersion. Finally, GO was dispersed in 

deionized water to a concentration of 2.67 mg/mL using the drying-and-weighing method. 
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6.3 Characterization 

 

6.3.1 Langmuir Pressure-Area Isotherms: 
 

-́A isotherms were obtained using a NIMA Langmuir trough (Coventry, England) 

with dual barriers for symmetric compression, previously described for our 

lab(188). Trough geometry has been reported to contribute to the shape of the pressure-

area isotherms(180). The workable dimensions of our trough are 7 cm x 7.85 cm x 0.4 cm 

with a total subphase volume of 45 mL typically added to the trough. The maximum and 

minimum available surface areas are 55 cm2 and 14 cm2 respectively. All experiments were 

performed at a constant compression speed of 20 cm2/min. Two 1 cm wide x 2.4 cm long 

filter papers (Whatman Chromatography grade) were used as Wilhelmy plates. The 

Wilhelmy plates were placed simultaneously in the center of the trough with one Wilhelmy 

plate parallel and the other perpendicular to the barriers or otherwise noted plate 

orientation.  A calibration and comparison between surface pressure sensors was done 

using the well characterized lipid monolayer of 1,2-dimyristoyl-sn-glycero-3-

phosphocholine, see Fig. S3.6 in the Supplementary Material. 

For pH tuning experiments we employed two complementary experimental setups.  

First, our Langmuir trough was employed for collecting -́A isotherms as measured by 

perpendicular orientation Wilhelmy plate.  These measurements were complemented with 

BAM using a covered Petri dish to provide for a stabilized interface over long experimental 

time periods (12 hours).  The Petri dish and cover prevented evaporation and reduced film 
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flow while imaging. The reported isotherms in Figs. 6.5-6.7 represent the 4th compression 

at the stated pH conditions. 

6.3.2 Cleaning procedure: 
 

Prior to GO deposition at the air-water interface the trough was cleaned with an 

Alconox solution followed by several rinses with Milli-Q water from a Direct Q3 filtration 

system (EMD Millipore Corporation, Billerica, MA), then wiped with polypropylene 

wipes and chloroform (Sigma Aldrich), and finally rinsed with Milli-Q water three more 

times. The trough was then filled with Milli=Q water and to verify cleanliness, barriers 

were compressed, and surface pressures did not rise above ± 0.1 mN/m.  

6.3.3 GO preparation and sample deposition: 
 

We use two methods to prepare GO monolayers at the air-water interface. The first 

method employed the drop-wise deposition of GO dispersed in HPLC grade methanol 

(Sigma Aldrich).  The methanol facilitates the spreading of GO on the water surface. The 

GO solution was prepared from a stock solution of initial concentration of 2.67 mg/mL and 

diluted with methanol to a concentration of 0.125 mg/mL.  We refer to 0.5 mL of solution 

as ñ1 GO unit.ò For all Langmuir trough experiments, the GO/methanol mixture was then 

deposited onto the air-water interface using a 500 µl Hamilton glass syringe (Reno, 

Nevada) at a deposition rate of 100 µL per minute up to a total volume of 1.5 ï 3.0 mL. In 

pH studies utilizing BAM imaging of GO monolayers in a Petri dish, a second deposition 

method was used.  For these experiments, 0.313 mg of GO (concentration 0.125 mg/mL) 
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was injected into the subphase of the Petri dish positioned below the BAM and then pH 

was tuned between 2 and 9. We used a 1 mM NaCl subphase for a constant background 

ionic strength in all pH tuning experiments. Furthermore, to reduce the CO2 uptake by the 

interface/subphase, and thus keep the system pH from drifting, nitrogen gas was flowed 

into the Langmuir trough/BAM enclosure. The pH of the subphase was tuned through 

titrations with 0.1 M or 1 M HCl (Sigma Aldrich) for acidic subphase conditions and 0.1 

M or 1 M KOH (Sigma Aldrich) for basic subphase conditions. The pH of the system was 

recorded in-situ using a handheld probe (HANNA Model 98104). 

6.3.4 Imaging 
 

Brewster angle microscopy (BAM) images were taken with an Accurion EP3 BAM 

(Goettingen, Germany) coupled to a Petri dish for the pH tuning experiments (previously 

described) or a NIMA BAM Langmuir trough (for Figure 6.4).  The dimensions of the 

NIMA BAM trough are 7 cm x 35 cm x 0.6 cm with a subphase volume of typically 300 

mL added to the trough.  The maximum and minimum available surface areas are from 

~230 cm2 to 90 cm2 respectively.  The quoted resolution of the BAM is ~ 1 micron.  This 

entire system is in a Faraday cage and rests on an active vibration isolation system.  The 

GO size distribution was also characterized (Figure S4 in Supplementary Materials).  
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6.4 Results & discussion 

 

Several groups have studied GO films at the air-water interface using conventional 

Langmuir techniques (178-180, 182, 183, 185). Variations in -́A isotherms of GO sheets 

have previously been attributed to GO sheet structure, subphase pH, and trough geometry. 

In Fig. 1 we focus on another aspect of -́A isotherm measurement; the orientation of the 

Wilhelmy plate. 

6.4.1 Pressure-area isotherm anisotropic dependence  
 

A series of ́ -A isotherm cycles were collected using two Wilhelmy plates placed 

simultaneously in orthogonal orientations. -́A isotherms reveal significant anisotropy, 

Figure 6.1. Imperiali et al. suggests that GO sheets form a highly elastic film, and therefore 

it is expected that uniaxial deformation will induce differences in film packing along the 

two axis: perpendicular and parallel to the direction of compression(180). It was found that 

a range of ́-A isotherm curves can be obtained by varying the angle of the Wilhelmy plate 

in relation to the compression direction. We note that the perpendicular and parallel 

orientations consistently offer the maximum and minimum surface pressures respectively.  

Further, surface pressure measurements in the perpendicular orientation, ɄṶ, showed a 

significant decrease in the area at surface pressure lift-off from the baseline for successive 

compressions, whereas Ʉ ᷆shows more uniformity in surface pressure lift-off area upon 

cycling. We conclude that careful tracking and reporting of Wilhelmy plate orientation is 

crucial for quantitative comparisons to literature. 
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Figure 6.1  Parallel vs perpendicular surface pressure measurements  

 

Anisotropic pressure dependency is maintained throughout a series of -́A isotherm cycles. 

The maximum pressure is independent of the number of compressions. Inset: plate 

orientation and trough geometry.  
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Our anisotropic results are consistent with experiments by Harrison et al. in which 

they performed successive ́-A isotherm cycles with a Wilhelmy plate positioned 

alternatively between parallel and perpendicular orientations in the Langmuir trough[9]. 

They note that the GO film acts as an elastic solid and that plate orientation determines 

level of interaction with the GO film. Figure 6.2 shows our proposed mechanism for the 

interaction between GO sheets and the Wilhelmy. In Figure 6.2.a we propose GO sheets 

slide on and off a Wilhelmy plate in the perpendicular orientation since the barriers 

compress the GO sheets directly onto the surface of the plate. In the parallel orientation, 

GO sheets shear against the edge of the plate. To corroborate our cartoon model, Figure 

6.2.b shows two Wilhelmy plates used for the same amount of time in orthogonal 

orientations. The plate in perpendicular orientation depicts a gradual coverage of residue 

GO sheet above the line of contact. In contrast, the plate in parallel orientation shows a 

dark GO residue only just above contact line. We interpret that GO sheets are able to slide 

up and down the Wilhelmy plate in the perpendicular orientation during compression and 

expansion of the ́-A isotherm. This points to the importance of local interactions between 

the plates and sheets.   
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Figure 6.2 GO interaction with Wilhelmy plate 

(a) Schematic showing how plate orientation interacts differently with the GO film. GO 

sheets compressed onto the  plate have greater interaction than ᷆. (b) Images of 

Wilhelmy plates with stains from adhered GO sheets after a series of ˊ-A isotherm cycles. 

Yellow line shows approximate contact line. The  plate shows a faint distribution of GO 

sheets higher than contact line. For the  ᷆plate, GO coverage ends slightly above contact 

line. 
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6.4.2 Linear Mass Loading 
 

In addition to Wilhelmy plate orientation, the solvent-based deposition of 

irregularly sized/shaped GO at the air-water interface will impact reproducibility of ́-A 

isotherms and efficiency of GO spreading. The efficiency and reproducibility of material 

loading is of practical importance since during any solvent-based deposition, material is 

continuously loaded drop-by-drop onto the interface. To investigate this, a series of 

successive deposition experiments were completed and -́A and ́ -concentration (material 

concentration is given by dividing the mass of GO deposited by trough area) isotherms 

were examined. Loading experiments monitored shifts in the -́A isotherms with successive 

deposition of GO every two hours. To examine surface homogeneity and the effect of 

surface saturation we placed both Wilhelmy plates in the perpendicular orientation during 

loading experiments. Results obtained from the parallel orientation were similar but with 

quantitative differences consistent to the experiments performed with perpendicularly 

orientated plates, Figure 6.1. 

Loading of GO to the interface was done in doses of 0.0625 mg, we will refer to 

0.0625 mg deposited as 1 ñGO unit.ò   For a total loading of 1 GO unit the surface pressure 

barely rose above the minimum pressure following a full compression of the trough.  For 

a deposition of 2 GO units (0.125 mg) the variation between the tensiometers in the same 

orientation was significant (see Supplementary Materials Figure S3.7). This indicates an 

inhomogeneous GO surface coverage at length scales similar the Wilhelmy plate separation 

(a few centimeters). We believe that surface concentration gradients and sheet interlocking 

at the interface to be chiefly responsible for differences in the isotherm curves at low 
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material loading. We note that during methanol-based spreading, material is added onto 

the interface drop-by-drop at particular points across the surface of the trough. The 

spreading of methanol on the water surface helps prevent GO sheets from absorbing into 

the subphase, but it also pushes existing material on the surface outward from the point of 

contact. This makes it difficult to evenly distribute the material and results in concentration 

gradients depending on the idiosyncrasies of the deposition process. For low material 

loadings, the surface is not entirely saturated with GO sheets therefore any differences in 

surface concentrations that originate due to the drop-wise deposition method are 

significant. We believe that material can reorganize prior to -́A isotherm compression 

during deposition, however following a -́A isotherm compression the particular 

inhomogeneous distribution of material on the surface is unlikely to change because some 

fraction of GO sheets become interlocked. We believe that material coverage 

inhomogeneities and sheet interlocking at the interface to be chiefly responsible for 

differences in the -́A isotherm curves at low material loading. 

We find consistent ́-A isotherms between the two Wilhelmy plates of the same 

orientation for material loading of 3, 4, and 5 GO units respectively. At a loading of 3 GO 

units and above on we can say that the trough, is fully saturated with GO to the point where 

GO is spatially distributed uniformly.  Figure 6.3 shows ́ -A and pressure-concentration 

isotherms for the linear mass loading experiment as measured by tensiometer A, black 

curves, and tensiometer B, red curves both in the perpendicular orientation. 
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Figure 6.3 Effect of linear mass loading as recorded by ɄṶ   

 

Black and red curves correspond tensiometer (A) and (B) respectively. (a) -́A isotherms 

showed an increase in lift-off area with more material. (b) When rescaled to surface 

concentration we see there is inefficiency during linear mass deposition. 
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For increasing material loadings there is a shift in the -́A and -́

concentration isotherms towards larger lift-off areas and higher maximum surface 

pressures. The result is expected and simple: as more material is deposited on the surface 

more material remains on the air-water interface. If loading efficiency was 100% curves 

should superpose in Fig. 6.3.b They do not, indicating a decrease in deposition efficiency 

with continued loading. Curve shifts indicate a 50% efficiency for a loading of 4 GO units 

and a 33% efficiency for 5 GO units. The decreased loading efficiency is consistent with 

previous observations (180). Notably, a back-of-the-envelope estimation of GO film 

coverage suggests only Ḑ 4 percent of the GO is localized at the interface at a loading of 3 

GO units. This estimation assumed a 0.05 nm2 rhombic cell of graphene and that 60% of 

the mass added was carbon. 

Taken together these results illustrate inefficient loading of solvent spreading 

techniques and the static nature of the GO film over experimental time periods of hours. 

Our results suggest simply waiting alone will not create a more homogeneous film and that 

GO films demonstrate significant levels of hysteresis to reorganization. A simple 

experiment to demonstrates this statement, see Fig. S3.8 of the Supplementary materials. 

Finally, we note the recently developed approach of using an electrospray mist to 

spread nanoparticles such as GO sheets at the air-water interface suggests promising 

improvements in the spreading efficiency for GO films deposited on substrates using LB 

deposition(189). 

6.4.3 In-situ Film Characterization 
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While there are several correlations between transferred film morphology and ́-A 

isotherms(178, 182, 183), it remains unclear if transferred film packing density accurately 

represents the in-situ monolayer. We use Brewster angle microscopy (BAM) to image GO 

sheets at the air-water interface. This allows for the ́-A isotherm to be compared with 

direct observations of monolayer morphology and GO sheet packing. Figure 6.4 shows a 

series of BAM images with increasing surface pressure as measured by the parallel 

orientation. We are able to image segmented GO sheets clearly for early stages of film 

compression. This observation highlights the surface is fully covered shortly after the lift-

off area for the ́ -A isotherm. At moderate to high compression the interface is completely 

covered with sheets and we lose resolution of individual sheet morphology.  Langmuir-

Shaefer (LS) deposition was done at a surface pressure of 6 mN/m, consistent with 

complete coverage reported in our BAM experiments.  The lack of agreement between in 

situ BAM images at the air-water interface and FQM images of LS films indicate a loss of 

materials to the solid substrate, Figure S3.5. 
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Figure 6.4 Film microstructure using Brewster angle microscopy 

 

Direct correlation between surface pressure Ʉ ᷆ (parallel orientation) and in situ film 

morphology. Complete coverage occurs at low surface pressures.  Images were acquired 

after the initial compression with barriers intermittently stopped to provide for stable 

monolayers.  Scale bar, shown in panel h, is 100 µm. 
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6.4.4 pH induced Surface Activity 
 

5 GO units (0.313 mg) were injected into the subphase with initially no pH tuning 

(pH 4.5). To facilitate even subphase mixing magnetic stirring was used. In increments of 

1ï2 h a series of titrations were carried out with HCl and KOH in order to modulate the pH 

of the subphase in the following order: no pH tuning: basic: neutral: acidic: neutral: basic 

all in succession. In the Supplementary materials (Fig. S3.8) we show images for the 

reverse experiment: no pH tuning: acidic: neutral: basic: neutral: acidic in succession and 

our findings are consistent with the results presented. 

Fig. 6.5 shows the effect of increasing the subphase pH on the intrinsic surface 

activity of GO sheets. Fig. 6.5.a involves no pH-tuning of the subphase with a wait time of 

1 h under moderate magnetic stirring. BAM images show a low concentration of material 

at the interface and -́A isotherms (perpendicular Wilhelmy plate) also suggest low surface 

activity (ˊmax Ḑ 0.4 mN/m). We note that this experiment was repeated and with a wait of 

12 h, and our results indicate minimal differences in the film morphology as compared to 

shorter waiting times. Based on these observations, we find that GO sheets of our size 

distribution show little surface activity for a subphase with no pH tuning over the course 

of hours. Fig. 6.5.b and c indicate that little material rises to the interface after pH tuning 

to a pH 7 and pH 9 subphase. BAM images for pH 7.0 and pH 9.0 illustrate a similar 

morphology to that of no pH-tuning. -́A isotherms (Fig. 6.5.d) support these observations 

of low surface activity (ˊmax Ḑ 0.9 and 1.7 mN/m respectively). Thus, we conclude that GO 

sheets show little increase in surface activity through the addition of base. 
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Figure 6.5 Effect of modulating sub-phase pH to basic 
 

Image progression from (a) no pH tuning to (b) neutral and to (c) basic subphase results in 

low concentrations of material as observed by BAM. ˊ-A isotherms corroborate low 

surface activity and are labeled corresponding to pH.  (Y-axis max of 2 mN/m).  
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After the addition of base, we then add acid to the subphase to observe the effect of 

decreasing the subphase pH on the intrinsic surface activity of GO. Fig. 6.6 illustrates that 

when acid is added to the subphase, significant increase in surface activity is induced. Fig. 

6.6.a shows that at a pH of 4.0 there is a dilute concentration of material present as observed 

by BAM and confirmed by the -́A isotherm (Apercolation Ḑ 20 cm2, ḿax Ḑ 5 mN/m) in =Fig. 

6.6.d. Where we observe Apercolation from our BAM images to correspond to a surface 

pressure of Ḑ2 mN/m. 

Fig. 6.6.b shows that further addition of acid to the subphase results in increased 

GO concentration on the surface at pH of 3.0 (Apercolation Ḑ 24cm2, ḿax Ḑ 15 mN/m) and at 

pH of 2.0, Fig. 6.6.c, results in even higher levels of surface activity 

(Apercolation Ḑ 28 cm2, ḿax Ḑ 27 mN/m). We conclude the increasing acidic subphase 

conditions leads to increasing pH-induced surface activity. Note, for comparison to Fig. 

6.4, BAM images of GO sheets in Figs. 6.5ï6.7 are uncompressed and the morphology of 

coverage is a result of what is spontaneously brought to the surface through tuning of pH 

alone. A comparison of Fig. 6.4 with Figs. 6.5ï6.7 is consistent with the observation that 

the amphiphilicity of GO sheets is size-dependent, as previously reported in the 

literature (185). The new observation we make here is that at moderately acidic pH values 

(pH Ḑ4) the interface is dominated by larger sheets, and it is only upon lowering the pH 

lower than 4 that smaller sheets begin to rise to the interface, greatly increasing the surface 

coverage. In Fig. S3.9 of Supplementary materials, we show that this mechanism is time 

dependent. Tuning the pH from 4.0 to a pH of 3.0, we find that the film morphology 

initially contains large sheets with smaller inter-dispersed. However, after about 30 min 
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after we start imaging, we observe a significant increase in smaller sheets to the interface 

through the course of roughly 20 min. 
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Figure 6.6 Effect of modulating sub-phase pH to acidic 

Subsequent pH tuning from basic pH to acidic show at (a) pH 4.0 dilute levels of GO at 

the surface. (b) pH 3.0 shows an increase in GO. (c) pH 2.0 shows an interface nearly 

saturated with GO. These results are in agreement with ́-A isotherms.  
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Continuing from an acidic subphase we further add base to test whether GO would 

desorb from the interface. If subphase pH alone is an accurate indicator of surface activity, 

we expect similar film morphology as to the basic subphase results presented in Fig. 6.5. 

In contrast, we observe that material remains at the interface for both a neutral and basic 

subphase. Fig. 6.7.a is the same as Fig. 6.6.c and is shown for ease of comparison. Fig 6.7.b 

shows that tuning the subphase pH from acidic to neutral results in qualitatively similar 

film morphology as in Figs. 6.7.a and 6.6.b, even though there seems to be a lower overall 

surface coverage of GO as seen both from the isotherms and BAM images in Fig. 6.7. The 

corresponding -́A isotherm shows a lower percolation area of Ḑ25 cm2 but similar ḿax Ḑ 

26 mN/m as compared to Fig 6.7.a. Fig. 6.7.c shows continued surface activity for a 

subphase pH of 9. The corresponding BAM image shows a slight decrease in the material 

coverage, and the corroborative -́A isotherm shows a similar onset percolation area of 

Ḑ25 cm2 but a lower maximum ḿax Ḑ18 mN/m compared to curve b. We conclude that 

the addition of base to an acidic subphase does not induce significant changes to the amount 

of material at the interface. This is likely due to GO being thermodynamically trapped at 

the air-water interface because of the high enthalpic costs associated in general with the 

desorption of GO sheets, as suggested by Imperiali et al. (180). 
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Figure 6.7: Effect of modulating sub-phase pH ï basic to acidic 

 

Continuation from acidic to basic subphase conditions. (a) pH 2.0 shows high surface 

activity. (b) pH 7.0 shows continued surface activity. (c) pH 9 sustains high surface 

activity. GO brought to the surface of the trough by the addition of acid, remains at the 

interface even after returning to basic subphase conditions.   
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To summarize, the first major observation is that the absolute subphase pH value 

strongly influences the intrinsic surface activity of GO. Specifically, we find that tuning to 

a basic subphase does not induce significant increase in GO surface activity relative to no 

pH modulation. However, tuning to an acidic subphase results in significant increase in the 

surface activity. Secondly, it is shown that the level of surface activity is correlated to the 

level of subphase acidity. Thirdly, we observe size dependent dynamics, with lower pH 

values resulting in an increasing number density of smaller sheets being driven to the 

interface. Finally, we report that the history of pH-tuning has a significant influence on the 

observed surface activity of GO. Tuning from an acidic subphase to a basic subphase 

results in sustained levels of material density at the interface. We believe that GO, once 

pinned to the air-water interface, will generally remain adsorbed regardless of subsequent 

pH-cycling as indicated by BAM images. 

These observations are not completely explained by existing hypotheses for GO 

surface activity, which emphasize the roles of GO edge-group charging in basic media 

(Cote et al., (178)) and that of thermodynamic trapping of GO at the interface (Imperiali et 

al., (180)), and give little attention to the role played by acidic subphase in first bringing 

GO sheets to the interface. In the final section of this work, we formulate a new hypothesis 

to reconcile these ideas to explain the origin of GO surface activity. 
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6.4.5 Mechanism for pH induced Surface Activity  
 

Several groups have explored the role pH and GO sheet size plays in GO surface 

activity.  Cote et al. noted that as-synthesized aqueous GO solution does not remain at the 

interface upon deposition (without pH tuning or without the aid from surfactants)(178).  

Hidalgo et al. found ́ -A isotherms are subphase pH dependent, which is consistent with 

Botcha et al. who showed that -́A isotherm curves of GO films (lateral sheet sizes of 5-50 

ɛm) have a percolation onset that occurs at higher trough area for progressively increasing 

acidic subphase conditions (pH = 6.5, 5.5, 3.5) (183, 184).  Hidalgo et al. also showed that 

carboxylic acid groups play an important role in the GO sheet-to-sheet (lateral sizes 200 

nm to 10 ɛm) interactions by noting the effect of pH change on -́A isotherms (solvent-

based deposition)(184).  Finally, Wang et al. has suggested that the stability of different 

sizes of GO at the interface changes with pH(190).  Cote et al. suggested pH modulation 

would result in different electrostatic charge densities at the edges of GO sheets and lead 

to variations in surface activity. However, the edge-to-charge ratio in GO sheets is small: 

a sheet with equivalent circular diameter of 100 nm has edge-to-charge ratio ~ 0.01 nm-1, 

which translates to ~ 1 nm edge perimeter for every 100 nm2 of central area. Given how 

big GO sheets typically tend to be (~ 0.1 ï 100 mm), it seems unlikely that the translation 

sheets to the air-water interface is the result of electrostatic effects localized at the sheet 

edges.  Instead, Imperiali et al. have hypothesized that GO sheets remain at the interface 

because of two reasons: a) the deposition technique which directly introduces sheets at the 

air-water interface, and b) the enthalpic cost associated with GO sheets pinned to the 

interface desorbing to the subphase.  This model also has limitations: 1)- the fact that GO 
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rises of its own accord to the air-water interface in acidic subphase, and 2)- the changing 

interfacial behavior of GO in acidic pH as opposed to basic. 

The results of Figs. 6.5, 6.6, and 6.7 illustrate that as the pH of the subphase 

becomes gradually more acidic, surface activity increases for GO. We hypothesized that 

hydroxonium ions formed in the acidic subphase due to the protonation of water coordinate 

around both the edge carboxyl groups as well as the hydroxyl surface groups on the GO 

via hydrogen bonding, imparting a positively-charged hydration layer of hydronium ions 

around the GO sheets. This is possible because each hydroxyl group located on the surface 

of GO or forming part of an edge-carboxyl group is able to form hydrogen bonds with three 

water molecules and/or hydronium ions. While each hydronium ion is able to donate three 

hydrogen bonds to water molecules and/or hydroxonium ions; the hydrogen bonds donated 

by the hydroxonium ions are estimated twice as strong as those between water molecules 

in bulk water(191). However, the dispersion still contains a large number of hydroxonium 

ions that are free and uncoordinated to GO sheets, potentially resulting in electrostatic 

repulsion between the uncoordinated hydroxonium ions and the positively-charged, 

coordinated GO sheets, thus driving GO sheets to the air-water interface.  This enhances 

the effect of stirring the subphase and the natural Brownian motion of the sheets. 
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Figure 6.8 Schematic explaining effect of pH modulation 

(a) Schematic depicting H3O
+ ions coordinating by hydrogen bonding around the GO sheet 

in acidic conditions as opposed to basic conditions where hydrogen bonding is more 

difficult to form. 
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This observation is consistent with Wang et al. who observed size fractionation of 

GO as a result of pH-assisted selective sedimentation. Wang et al. report that at around pH 

4, GO sheets with lateral dimensions greater than 40 µm2 settle out of dispersion after four 

hours of ageing time. In light of our hypothesis, this pH-assisted sedimentation is explained 

as the result of GO sheets being driven to the solid-water interface of the walls and floor 

of the container. The observations made in this study are consistent with those made by 

Wang et al.[20]; Figure 6.5(a) shows the intrinsic surface activity of GO at pH = 4.5 is 

low and comparable to that observed at higher values of pH (Figure 6.5(b) and 6.5(c)), 

while Figure 6.6(a)-6.6(c) show the intrinsic surface activity increases for pH values of 4 

and below.  

In basic subphase, some surface activity is observed as well, albeit significantly weaker than in 

acidic pH. In basic pH, the hydroxide ions in solution coordinate by hydrogen-bonding around the 

surface hydroxyl groups on the GO. However, the hydrogen bonds formed by hydroxide ions with 

the hydroxyls of water molecules are not easily formed(192), are often weaker than those formed 

between water molecules(193), would require stabilization by as many as 16 water molecules per 

hydroxide ion(194), and, even if strong, last for short periods of time of ~ 110 fs(195). Moreover, 

we hypothesize all the carboxylic acid edge groups in GO are expected to be deprotonated in basic 

conditions, while at least some of the hydroxyl surface groups might react reversibly with the base 

in the subphase (NaOH or KOH) to form alkoxide ions, making these groups unable to participate 

in hydrogen bonding. All of these factors are expected to contribute to the disruption of hydrogen 

bonds between GO and the surrounding species in the subphase. As a result, the GO is expected to 

be poorly coordinated by hydroxide ions in basic subphase, leading to a small net negative charge 
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ï if any - on the GO. Hence, the repulsions between GO sheets and hydroxide ions are weak and 

few of the GO sheets find themselves pushed to the interface. 

Our proposed hypothesis would explain why acidic subphase pH has a markedly stronger influence 

than basic pH in driving GO to the interface. Moreover, it would justify the gradual dynamics of 

GO adsorption to the interface; longer wait times allow for more sheets to arrive at the interface as 

a result of the increase electrostatic repulsion hypothesized above between hydroxonium-bound 

GO sheets and free H3O+ ions in solution. It also explains why reducing pH leads to an increasing 

density of sheets ī particularly smaller GO sheets ī rising to the interface; reducing pH generates 

more H3O+ ions which compensates for small size of many GO sheets, and generating strong 

enough repulsion to drive said sheets to the interface. Once GO sheets find themselves at the 

interface, they tend to remain permanently adsorbed per the desorption enthalpy hypothesis of 

Imperiali et al. (180), unless the pH is modulated to basic values, at which point GO deprotonated 

edge-repulsions might come into play as hypothesized by Cote et al. (178). These edge repulsions 

would destabilize the monolayer and potentially assisting in some degree of GO desorption to the 

subphase, which may then be reversed by simply re-modulating the pH to acidic, per our suggested 

hypothesis. 

Our hypothesis was tested by X-ray Photoelectron Spectroscopy (XPS) measurements of the C:O 

ratio for the GO used in this study after splitting it three ways, pH-modulated from neutral to acidic 

and basic pH extremes of pH = 2 and 10 (using HCl acid and aqueous KOH), dried at 70 °C for 

24 h and measured using XPS. The XPS results (see Supplementary Materials Figs. S3.11-S3.13) 

show the C:O ratio for pH-neutral GO used in this experiment is 4.02, as opposed to C:O = 2.49 

obtained upon basic pH modulation with KOH to pH = 10, and a C:O = 1.87 obtained upon acid-

modulating the subphase pH with HCl to pH = 2. The results indicate that pH-modulation of the 
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GO leads to an oxygen-enrichment effect. This phenomenon can be explained by the presence of 

residual hydroxonium ions tethered to the surface OH groups of the GO via hydrogen bonding. A 

similar effect, albeit less pronounced, is observed in the case of base modulation, with hydroxide 

ions presumably remaining tethered by hydrogen bonding to the GO surface hydroxyl groups even 

post-drying. This evidence supports our hypothesis on GO surface activity. 

6.5 Conclusion 

In this work, we investigate the behavior of graphene oxide at the air-water interface. In addition 

to its own merits as a novel material, the study of graphene oxide sheets at the air-water interface 

system can serve as a template for how to better study particle-laden interfaces in general. 

Importantly, we have found that Wilhelmy plate orientation is responsible for significant 

differences in surface pressure measurement, and therefore differences in -́A isotherm shape of 

the monolayer. This may be responsible for some of the variation reported in the literature.  

Variation may also be due to inhomogeneous GO coverage.  In fact, we report that only a small 

percentage of GO remains on the surface after drop-wise deposition.  However, the results of our 

pH investigations suggest that careful tuning of pH can significantly improve this efficiency.  Our 

pH experiments also provide a more complete picture on the role of pH in localizing GO at the air-

water interface. From the BAM images, we conclude that GO becomes surface active in an acidic 

subphase pH and rises to the surface.  However, once at the surface GO will remain pinned to the 

interface even while the pH becomes basic.  These experiments highlight the potentially 

complementary roles of pH and kinetic trapping of sheets to influence surface coverage, with GO 

getting driven to the interface due to the acidic pH and remaining pinned due to the high enthalpic 

cost associated with desorption.  Moreover, a series of GO loading experiments demonstrated 

inhomogeneous coverage and decreasing efficiency as a result of surface spreading. Finally, our 
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surface pressure investigations were coupled with in situ micron resolution BAM imaging which 

reveal significant details and mechanism involved in the surface activity and coverage of GO.  

Taken together, these results present a more clear picture of GO Langmuir films at the air-water 

interface and will better inform future Langmuir-Schaefer/Blodgett deposition techniques for 

applications such as transparent conductive films, etc. 
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Chapter 7: Outlook  

 

In this dissertation, we have investigated the fundamental properties of model lung 

surfactant films from an interdisciplinary perspective and using a combination of analytical 

surface science techniques. In chapter we provide some ideas for future directions.  

 

7.1 Compositional mapping  

 

One of the fundamental questions that remains in the field is how components are 

laterally distributed along the interface. In Chapter 3 of this dissertation, we hypothesized 

that in ternary mixtures of DPPC, HD or PA, and DChol components phase separate into 

LC domains composed of 2:1 DPPC:HD or 2:1 DPPC:PA within a LE matrix composed of 

any excess DPPC and all of the DChol. We used mass balance arguments and grazing 

incidence X-ray diffraction data to support our hypothesis, however, we did not provide 

molecular-level information of compositional variations. In addition to applications in lipid 

monolayers, it is believed that DChol plays an important role in lipid rafts, where it is 

thought that sub-micron domains of different local composition or order nucleate and grow 

from a continuous phase within the cell membrane. Thus, it is of great scientific and 

practical interest to understand how DChol organizes in phase separated systems.  

In Chapter 6, we provided preliminary data for how infrared-spectroscopy AFM 

(AFM-IR) can be used to provide additional information on material properties. In theory 

AFM-IR is the perfect technique to obtain molecular level resolution on composition. 
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However, there are two main challenges with the technique: the first is that we are dealing 

with a monolayer (nominally 2 nm in height) and thus a majority of the IR signal is coming 

from the mica substrate since the IR signal probes several microns into the sample. The 

second challenge is identifying viable frequencies to isolate individual components. Viable 

frequencies require not only identification of the unique molecular vibrations, but also of 

lack of IR-spectra overlap with choice of substrate and having the appropriate IR excitation 

signal.  And although we were not able to provide a solution to these challenges, we were 

able to show that texture contrast exists within LC domains.  We are excited for future work 

to show how cholesterol can modulate the line tension once we have a solid understanding 

of molecular level organization, tilt, order, and composition.   

7.2 Microstructure on curved interfaces  

 

On a flat interface, the size distribution of domains at equilibrium is set by a balance 

between the line tension, ‗, between domains, and the dipole density difference, ɝm, 

between phases.(64, 196)   The energy per molecule, E/N, in an isolated circular domain 

of radius R is given by:(64) 
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Where ‚ is the dielectric constant of the subphase, ‚ is the permittivity of free space, ‏ is 

the molecular cut off distance, and e is the exponential. For an isolated domain, the radius 

at minimum energy is given by: 
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We can see that the equilibrium radius goes as the exponential of the ratio between the line 

tension and the square of the dipole density difference.  

Our research group has shown that curvature dramatically alters the domain morphology 

and connectivity,  

 Our group has shown that in systems similar to that studied in this dissertation 

(clinical lung surfactant, Survanta), curvature tends to promote interconnected linear 

networks, while on a late interface (Langmuir trough), the stable shape is semi-circular 

domains for LC-LE coexisting systems. Which suggests that curvature affects ‗ and  ɝά in 

ways currently unknown(196) or that on curved interfaces there are additional 

contributions to domain shape and size. Recent theoretical work on liquid-liquid systems 

has shown that curvature tends to promote smaller circular shapes rather than long extended 

shapes. Thus, we observe differences between experiment and theory, and we believe that 

understanding the role of curvature is of upmost importance for developing a successful 

lung surfactant formulation.  

 Depending on the extent of the monolayer curvature, it is likely that curvature 

affects (a) the monolayer-scale behavior, and (b) the domain-scale behavior. Possible ideas 

are that the dipole-dipole electrostatic energy between the LC phase and the LE phase, or 

even possibly within the LC phase changes as function of curvature, thus driving a system 

closer to a circle or stipe phase. It is also possible that curvature induces geometric 
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frustration introduced by the imposition of a nonzero Gaussian curvature on the in-plane 

tilt ordered molecules within the solid phases. It could be that frustration to the long-range 

orientational ordering of the in-plane tilt molecules results in a 2D strain energy that likely 

depends on the size and shape of the domains(197). It will be up to future research to 

elucidate the role of curvature and again aid in understanding the fundamental properties 

of monolayers with the purpose of developing synthetic LS formulations that can save 

lives.  

7.3 Clinical applications   

 

This dissertation has focused on understanding the fundamental properties of LS 

monolayers, and even though we have considered various performance-oriented 

characteristics of LS, namely surface rheology and film nano-mechanics, we think future 

work could focus more on bridging the gap between fundamental science and real-world 

applications.    
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Chapter 9: Appendix 

 

This chapter provides supplementary materials for Chapter 3, Chapter 5, and Chapter 6. 
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9.1 Supplementary Materials for Chapter 3 

 

Supplementary materials associated with: 

Valtierrez-Gaytan, C., et al. (2022). "Spontaneous evolution of equilibrium morphology in 

phospholipid-cholesterol monolayers." Science Advances 8(14): eabl9152. 

 

 

9.1.1 Morphology of r -DPPC and Binary Mixtures 
 

Figure S1.1 A to D shows the evolution of the LC domains (black) of pure r-

dipalmitoylphosphatidylcholine (r-DPPC) in a continuous red LE phase.   The LE-LC 

coexistence surface pressure depends on temperature; at 22 ̄C, this surface pressure ranges 

from 7 ï 11 mN/m. To visualize the phase separation, a small mole fraction of Texas Red 

ï DHPE is added to the chloroform spreading solution. The Texas Red-DHPE segregates 

almost exclusively into the fluid LE phase and is expelled from the semi-crystalline LC 

phase. r-DPPC domains form a characteristic triskelion pattern with counter-clockwise 

rotation. This rotation is due to the chiral center of the DPPC molecule that induces a twist 

in the tilt axis orientation. The positional order of the DPPC is short range, on the order of 

100 nm or less, so each domain consists of multiple crystallites. However, Figs. S1.1A-D 

show that the orientational order that leads to the characteristic counter-clockwise 

orientation persists for tens of microns. Hence, DPPC and other LC phases might best be 

described as hexatic phases, rather than true crystalline phases (42, 43, 52). 
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When 1.5 mol % dihydrocholesterol (DChol) is added to DPPC (Fig. S1.1 E-H), the 

coexistence surface pressure is similar, but the domains arms thin (compare B and C to F 

and G) and form tight spiral loops, twisting mainly in the counter-clockwise direction. This 

change from the compact r-DPPC domains to the more extended stripes is indicative that 

even small amounts of DChol dramatically decrease the line tension at the domain 

boundaries. At higher surface tensions, the stripes can no longer be resolved with the 

confocal microscope. 

In mixtures of r-DPPC with 1-hexadecanol (Fig. S1.1 I-L), the extended arms of 

the pure r-DPPC disappear in favor of a more compact asymmetric circular domain. The 

domains typically end in a cusp at one end with the opposite end rounded. This more 

compact shape suggests that the DPPC:HD domains have a higher line tension than the 

pure r-DPPC domains as the perimeter to area ratio decreases. This domain shape is 

retained to higher surface pressures (I-L). The asymmetric shape and cusp are indicative of 

a line tension that varies around the domain perimeters as shown in the following sections. 
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Figure S1.1 r-DPPC monolayers and binary mixtures of DPPC with 

dihydrocholesterol or 1-hexadecanol.  

Confocal microscopy images of phase separated films; black: semi-crystalline domains of 

liquid condensed (LC), red: liquid expanded (LE) matrix. The preferential partitioning of 

0.75 mol % Texas Red DHPE dye into the LE phase provides the contrast between phases.  

(A to D) Images for dipalmitoylphosphatidylcholine (r-DPPC) (at 23 ᴈ).  A) Domain 

nucleation begins at a surface pressure of 7 ± 0.2 mN/m at   ᴈ   (6 ± 0.2 mN/m @ 22 

ᴈ) and B) further compression leads to multi-lobe branching that (C and D) ultimately 

results in characteristic chiral 3-lobe triskelion structures that grow larger with increasing 

surface pressure.  (E to H) The addition of 1.5 mol % dihydrocholesterol (DChol) results 

(E and F) in smaller domains with similar multi-lobe structures. G) As the film is 

compressed, the line width at a given surface pressure significantly decreases, and the 

degree of branching increases. H) At high surface pressures, the line width decreases below 

our optical resolution. (I to L) The addition of 1-hexadecanol (HD) (3 to 1 r-DPPC to HD 

molar ratio) results in domain nucleation at near-zero surface pressures consistent with a 

more stable LC crystal.  The domains are semi-circular and have a singular cusp that is 

maintained as the domain grows with increasing surface pressure.  All images are 

ρππρππ ʈÍ.  
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9.1.2 Wulffôs Theorem and the Cusp Singularity 
 

Wulffôs theorem states that the energy of a crystalline boundary is proportional to its 

distance from the center of the crystal. Burton, Cabrera, and Frank (Appendix D of Ref. 

(46)) showed that this distance, ὶ—, can be related to a spatially varying, heterogeneous 

line tension, ‗—, by 

ὯὝÌÎ‌ ὶ — ὶ— ‗ — ‗—            Ὓρ 

for which the solution is 

ὶ—
‗—

ὯὝÌÎ‌
ὅÓÉÎ— ‪        Ὓς 

where — is the polar angle around the perimeter and ‌, ‪, and ὅ are constants to be set by 

the particular boundary conditions. The ὼ,ώ positions of the domain are given by the 

parametric curves: 

ὼ— ὶ—ÃÏÓ— ὶ—ÓÉÎ—             Ὓσ 

ώ— ὶ—ÓÉÎ— ὶ—ÃÏÓ—             Ὓτ 

Rudnick and Bruinsma (49) considered the model line tension (Figure S2A), 

‗— ‗Ὡ                                          Ὓυ 

for which the associated shape (setting the arbitrary constant ὅ π) is 

ὼ— ὶÃÏÓ— ‍ÓÉÎ—Ὡ           Ὓφ 
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ώ— ὶρ ‍ÃÏÓ—ÓÉÎ—Ὡ         Ὓχ 

where ὶḳ‗ ὯὝÌÎ‌ϳ . As ‍ increases, the line tension becomes more strongly peaked 

at — π. At the critical point ‍ ρ, the function ὶ — ὶ— undergoes a change in 

sign at — π, indicative of the onset of a cusp (Figure S1.2B). 

The variation in line tension and the resulting cusps may result from the tilt 

orientation at the domain boundary, with a singularity in the tilt orientation near the cusp. 

If the tilt of the molecules prefers to be oriented in a particular direction with respect to the 

domain boundary throughout the domain, the tilt orientation at the cusp must re-orient 

quickly and effectively forms an orientational defect known as a ñvirtual boojumò. This 

virtual boojum is equivalent to a +1 disclination defect conceptually located just outside 

the domain boundary near the cusp (49, 50). The tilt orientation throughout the domain can 

be thought of as originating from the virtual boojum. 
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Figure S1.2 Variation in line tension produces cusps  

A) Model variable line tension from Eqn. S5. The line tension is a maximum for — = 0 

which depends on the value of ‍, and decreases symmetrically with ± “. B) Calculated 

domain shapes (Eqns. S6, S7), with the cusp emerging (for ‍ ρ) at the pole where the 

line tension is peaked, which corresponds to — = 0.  These calculated domains are similar 

to those in Fig. 2 for rac-DPPC. The chirality of the r-DPPC makes the domain shapes 

more complex and breaks the axial symmetry. 

 

  

 

A B 
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9.1.3 Molecular geometry and the preferred DPPC:HD ratio  
 

Figure S1.3 shows a schematic of the origins of tilt in the DPPC-HD (or DPPC-PA) lattice. 

For simple, unstructured molecules as in Fig. S1.3, if the projected area of the alkane chains 

(a in Fig. S1.3A) is smaller than the projected area of the head group (b in Fig. S1.3A), 

gaps would exist between the alkane chains (red arrows). Tilting the molecules relative to 

the interface can lead to closer packing, thereby increasing the van der Waals attractive 

interactions and stabilizing the crystal (Fig. S1.5B) (7, 54, 55). GIXD results show that the 

average molecular tilt in DPPC in the LC phase is ~ 25̄ (7); from Fig. S1.3B,  

ÃÏÓςυЈ ὥὦ πȢω.  The sixteen carbon alkane chains of HD or PA are identical to those 

of DPPC and can pack into the DPPC chain lattice, while the alcohol or fatty acid 

headgroups are relatively small so ὥ ὦ which partially compensates for the 

phosphocholine headgroup area mismatch, reducing the overall monolayer tilt (Fig. 

S1.3C). This stabilizes the crystal by increasing the favorable van der Waals interactions 

between the alkane chains as there is more chain overlap for decreasing tilt (Fig. S1.3C). 

This causes the DPPC:HD or DPPC:PA domains to nucleate at surface pressures Ò 1 

mN/m, compared to the ~6 mN/m for pure r-DPPC LC phase at similar temperatures 

(Figure S1.1). 
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Figure S1.3 Simple models for molecular tilt  

A) Schematic diagram of simple, unstructured lipid molecules with different  tailgroup (a) 

and headgroup (b) projected areas, here ὥὦ πȢω.  For vertical packing, a gap would exist 

(red arrows) between the molecules and minimal van der Waals interactions. B) If the 

molecules are tilted at ὥὦ ÃÏÓ— πȢω, close packing occurs for  — ςυЈȢ C) Mixing 

large and small headgroup molecules together reduces the overall tilt, increasing the van 

der Waals interactions as there is less offset between the molecules. For more realistic 

molecules with  3-dimensional structure,  arbitrary tilt angles are not compatible with 

closest packing (55). 
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However, real alkane chains are not unstructured cylinders and cannot pack at any arbitrary 

angle defined by the ratio of tailgroup to headgroup area. Fig. S1.4A shows the 

characteristic zig-zag shape and dimensions of an all trans carbon chain. The distance 

between any two carbons in a chain is 0.0254 nm, and the angle between carbon bonds is 

109-112̄  (55). This shape complicates the ideal close packing of the chains as there are 

only certain discrete tilt angles that allow for nesting one zig-zag in the neighboring zig-

zag (Figs. S1.4B, C, D). In a two-dimensional lattice of three-dimensional alkane chains, 

the packing is more complicated and several close-packing structures of alkanes are known  

(55). However, even considering the various discrete tilt angles allowed for all of the 

classes of packing, an optimal, close-packed crystalline alkane structure may require a 

fixed mixture of headgroups such as the 2:1 DPPC:HD ratio we find for this system. 
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Figure S1.4  All trans structure of alkanes limits number of close packed tilt angles. 

 

A) The all trans configuration of an alkane chain leads to a zig-zag pattern with 0.0254 nm 

between each two carbon atoms and an angle of 109 ï 112̄  .   B)  Untilted all trans alkanes 

can pack most tightly if the  zig-zag patterns are nested and aligned between molecules.  

C) If the alkane chains are  tilted,  only discrete tilt angles can align the zig-zags leading to 

close packing.  Here every other chain is rotates so as to offset the chain one ñzigò. D)  

Here, each chain is offset by a zig-zag leading to a larger tilt, — —.  The actual packing 

motifs of alkanes are further complicated by the real three dimensional shapes of the 

molecules as described in (55). 
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9.1.4 Derivation of mass balance for monolayers containing b:1 DPPC:HD + j 

mol % DChol 
 

Assuming that the co-crystal of DPPC and HD (or PA) grows at a fixed stoichiometric 

ratio, mole balances can relate the co-crystal stoichiometric ratio, n, with the area fraction 

of the LC phase, ‰ ȟ as a function of the spreading ratio, b:1 DPPC:HD. Experimentally, 

we find that ‰ is identical for r-DPPC:HD, r-DPPC:PA and rac-DPPC:HD at a given 

surface pressure and temperature for a given spreading solution ratio, but were different 

for different spreading solution ratios of DPPC to HD or PA. This suggests that there is a 

fixed ratio of DPPC to HD or PA in the crystal. X-ray diffraction (Fig. 3.5C) suggests that 

the lattice spacings are the same for monolayers spread from 2:1 and 3:1 DPPC:HD ratios.  

Fig. 3.5B shows that the dihydrocholesterol does not alter the lattice for concentrations 

from 0 ï 8 mol %, so the DChol remains in the LE phase with any excess DPPC. The 

molecular areas of the various components in the LE and LC phases are well established 

from isotherms and X-ray diffraction (7, 52). ὥ  ͯ πȢς ÎÍ is the area/molecule of HD 

in the crystal; ὥ  ͯ πȢτυ ÎÍ  the area/molecule of DPPC in the LC phase; ὥ  ~  0.75 

nm2 the area/molecule of DPPC in the LE phase; and ὥ ͯ πȢςυ ÎÍ the area/molecule of 

DChol in the LE phase.  If the spreading solution contains N moles of HD or PA, it contains 

bN moles of DPPC.  In our experiments, b = 9, 5,  3 and 2 for the various films. The 

assumed stoichiometric ratio of DPPC to HD (or PA) in the LC phase crystal is n.  We 

assume b Ó n for our calculations.  j = 0.015 is the mole fraction of DChol in the mixture, 

which is assumed to reside exclusively in the LE phase (the calculations do not change 

much for various values of j). 
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At surface pressures Ò 6 mN/m where we first observe the fingering instability, we assume 

that the limiting HD or PA is depleted from the LE melt, so the total area of the black LC 

phase consists of HD and DPPC molecules in their condensed state (Eqn. 3 of text): 

ὃ  ὔὥ ὲὔὥ            σ 

 

The remaining LE phase is made up of the residual DPPC and all the DChol. The 0.75 mol 

% Texas-Red DHPE also resides in the LE phase but is not explicitly accounted for; it 

would simply increase the value of j from .015 to .0225 but does not change the results 

significantly. The total area of the red LE phase is: 

ὃ ὃ ὃ             Ὓψ 

The area of the DPPC in the LE phase is: 

ὃ ὔὦ ὲὥ                   Ὓω 

The mole fraction, j, of DChol can be written in terms of the numbers of molecules of HD, 

N,  DPPC, bN, and DChol, ὔ, in the spreading solution: 

Ὦ
ὔ

ὔ ὦὔ ὔ
            Ὓρπ 

 

Reorganizing: 

ὔ
Ὦὔὦ ρ

ρ Ὦ
           Ὓρρ 
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Which gives the DChol area: 

 

ὃ
Ὦὔὦ ρ

ρ Ὦ
ὥ              Ὓρς 

 

The total area of the red LE phase is given by (Eqn. 4 of text): 

 

ὃ ὔὦ ὲὥ
Ὦὦ ρὔὥ

ρ Ὦ
             τ 

 

The LC phase area fraction in the images is: 

 

‰
ὃ

ὃ ὃ
              Ὓρσ 

 

‰
ὔὥ ὲὔὥ

ὔὥ ὲὔὥ ὔὦ ὲὥ
Ὦὦ ρὔὥ
ρ Ὦ

         Ὓρτ 

 

Simplifying, this gives Eqn. 5 of the text: 
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‰
ὥ ὲὥ

ὥ ὲὥ ὦ ὲὥ
Ὦὦ ρὥ
ρ Ὦ

                υ 

 

Eqn. 3.5 is plotted in Figure 3.5A for n = 1, 2, 3 as a function of b, the ratio of DPPC to  

HD (or PA) in the spreading solution. The measured data for all systems is consistent with 

n = 2. Varying the areas/molecule by 10 % does not make a significant difference in Eqn. 

5 nor in the fits to the data in Fig. 3.5A. 

Figure S1.5 shows representative confocal images (thresholded via ImageJ) of 

monolayers of b = 2, 3, 5, and 9 to 1 DPPC:HD spreading solutions taken at 5-6 mN/m 

before the fingering instability.  We assumed that the majority of the HD or PA was 

depleted from the LE phase under these conditions and the domains had the same 

stoichiometry of n:1 DPPC:HD.  The images were thresholded and turned into binary 

images (black and white) with the black representing the LC phase and the white the LE 

phase.  Image J was used to calculate, ‰ȟ the fraction of black pixels in each image. 
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Figure S1.5 Solid phase area fraction images for b:1 spreading solutions 

Confocal images of monolayers of b:1 DPPC:HD spreading solutions for b = 2, 3, 5, and 

9.  The images are thresholded and turned into binary images (black or white) with the 

black representing the LC phase and the white the LE phase.  Image analysis with Image J 

is used to calculate the fraction of black pixels in each image.  In the example images: for 

b = 2, the fraction of black LC phase ‰ πȢψπ. For b = 3, ‰ πȢφρ, for b = 5, ‰ πȢσσ 

and for b = 9, ‰ πȢρω.  From Eqn. 5, analyzing all available images for each 

composition results in ὲ  ςȢπρπȢς, or the actual ratio of DPPC to HD or PA in the 

LC crystals is 2:1. All images are ςππςππ ʈÍ. 
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9.1.5 Binary DPPC-DChol nucleation pressures as a function of temperature 
 

After the HD or PA is depleted from the melt, the LE phase is a mixture of DPPC and 

DChol.  As the surface pressure is increased, DPPC will precipitate in the LC phase 

depending on the temperature of the monolayer.  Figure S1.6 shows the nucleation of 

DPPC domains from a binary monolayer spread from r-DPPC with 1.5 mol % DChol and 

0.75 mol % Texas-red DHPE. The onset surface pressure of the LC phase (black domains) 

is plotted against temperature in Figure 1.6A.  In the ternary mixture as the surface pressure 

is increased, the existing domains grow in size and there are no new small domains formed, 

suggesting that the DPPC grows epitaxially on the original DPPC:HD crystals that formed 

at lower surface pressures. The transitions surface pressures between the LE and LC phases 

does not change significantly with DChol mole fraction up to 5% as shown in the isotherms 

of Figure S1.7 (8).  For a spreading solution of 2:1 r-DPPC:HD with 1.5 mol % DChol, no 

fingering instability nor transition to stripes is observed. (Figure S1.8) 
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Figure S1.6 Binary r -DPPC + 1.5 mol % DChol as a function of temperature  

As the temperature is increased, the nucleation of the LC phase (black) occurs at higher 

surface pressures. As the surface pressure is increased at a given temperature, the domains 

develop multiple lobes that decrease in width. Within a range of 4-5 mN/m from the start 

of nucleation, the domain widths reach the resolution limit of our confocal microscope. 

The crystallization phase diagram (Fig. 3.6A) of the binary phase (red diamonds) were 

determined by recording the temperature at which domains first become visible during 

monolayer compression as a function of subphase temperature. 
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Figure S1.7 Increasing DChol mol fraction does not alter the coexistence surface 

pressure  

Isotherms of DPPC and various fractions of DChol.  The coexistence plateau surface 

pressure of ~ 7 mN/m is indistinguishable for 0 ï 5 mol % DChol at 23 ᴈ. From Ref. 38 
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Figure S1.8 2:1 r-DPPC:HD + 1.5 mol % DChol does not undergo fingering 

instability or circle -to-stripe transition  

Compression of the 2:1 r-DPPC:HD  + 1.5 mol % DChol system does not induce a 

fingering instability as the surface pressure is increased or a transition to stripes. This is 

consistent with the hypothesis that the LC domain composition is fixed at 2:1 DPPC:HD 

mole ratio. All images are ρππρππ ʈÍ. 
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9.1.6 Mullins -Sekerka Instability in Two Dimensions 
 

Although our experiments contain multiple components (DPPC, PA or HD, and 

DChol), we are primarily interested in the condensation of a DPPC-rich melt (depleted of 

PA or HD and with trace amounts of DChol) onto a pre-formed crystal of DPPC:PA or 

DPPC:HD. Neglecting the role of trace DChol on the mass transfer leaves only DPPC to 

consider. For the purpose of illustration, we thus consider the classical Mullins-Sekerka 

instability of a pure substance in two dimensions, which directly leads to Eqns. 3.6, 3.7 in 

the main text (Chapter 3). 

The following derivation is reproduced from Langer (40, 41). Consider a two-

dimensional, solid crystal occupying the region y < 0, with its boundary along the ὼ-axis. 

The crystal is growing in the +ώ direction due to condensation of a liquid melt that 

originally occupies the region y > 0. The height of the growing crystal is denoted by ώ

ὦὼȟὸ. The number of molecules per unit area ῲὼȟώȟὸ (in both the solid and liquid 

phases) obeys the diffusion equation, 

‬ῲ

‬ὸ
ὓᶯ‘                   Ὓφ 

where ‘ὼȟώȟὸ is the chemical potential (units of energy per molecule) and ὓ is a mobility 

(units of squared number of molecules per energy per time). The boundary conditions are 

‘ȿO ‘   (bulk liquid condition)              (S7a) 

‘ȿ ȟ ‘
‗

ɝῲ
‖  (Gibbs-Thomson condition)               (S7b) 
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where ‗ is the line tension.  ɝῲ ῲ ɀ ῲ  is the jump in number density across the solid-

liquid interface, which can be appreciable in lipid monolayers as ὥ  ͯ πȢτυ ÎÍ ρ
ῲ 

is the area/molecule of DPPC in the solid LC phase and ὥ  ͯ  πȢχυ ὲά ρῲ is the 

area per molecule in the liquid LE phase. The interfacial boundary curvature, ‖

‬ὦ‬ὼϳ ρ ‬ὦ‬ὼϳ ϳϳ . The velocity of the interface is given by the jump in 

diffusive flux across it, 

ὺḳ
‬ὦ

‬ὸ

ὓ

ɝῲ

‬‘

‬ὲ

‬‘

‬ὲ
  Stefan condition            Ὓψ 

where we have assumed that the mobility ὓ is the same in both the solid and liquid phases; 

▪ ◐ ‬ὦ‬ὼϳ ● ρ ‬ὦ‬ὼϳϳ  is the unit normal to the interface (directed from 

solid to liquid);   ɝ‬‘‬ὲϳ  is the jump in the chemical potential gradient 

in the normal direction across the solid-liquid interface. 

To make further progress, we must relate the number density ῲ to the chemical 

potential ‘. If the deviations from equilibrium are small, we can expand the chemical 

potential of the liquid and solid in Taylor series around the equilibrium state: 

‘ḳ‘ ‘ ‌ ῲ ῲȟ ώ ὦὼȟὸ                                 Ὓωὥ

‌ ῲ ῲȟ ώ ὦὼȟὸ                                Ὓωὦ 

with ῲ and ῲ the equilibrium number densities in the liquid and solid, respectively (as in 

Eqn. S7b.) ‌ ḳ ‬‘‬ῲϳ  and ‌ḳ ‬‘‬ῲϳ  are the Taylor coefficients in a 

density expansion about the equilibrium coexistence conditions in the liquid and solid 
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phases. If we further assume that ‌ and ‌ are independent of position, then the diffusion 

equation simplifies to 

‬‘

‬ὸ
Ὀᶯ‘ȟ ώ ὦὼȟὸ                                    Ὓρπὥ 

‬‘

‬ὸ
 Ὀᶯ‘ȟ ώ ὦὼȟὸ                             Ὓρπὦ 

where Ὀ ‌ὓ and Ὀ ‌ὓ are the diffusivities in the liquid and solid phases, 

respectively (units of area per time). 

Let ὦ ὸḳÌÉÍ
ᴼ
᷿ ὦὼȟὸὨὼ be the mean height of the interface, which evolves in 

time. We may define the Lagrangian coordinate ώώȟὸḳώ ὦ ὸ and assume that ‘

‘ὼȟώώȟὸ  depends implicitly on time through ὦ ὸ (that is, ‘ has no explicit time 

dependence). In a quasi-steady state in a frame that co-moves with the interface, the 

diffusion equation then becomes 

Ὀᶯ‘ ὺ
‬‘

‬ώ
πȟ ώ ὦὼȟὸ ὦ ὸ               ὛρρὥȢ 

in the liquid 

Ὀᶯ‘ ὺ
‬‘

‬ώ
πȟ ώ ὦὼȟὸ ὦ ὸ                Ὓρρὦ 

and in the solid where ɳḳ ‬‬ὼϳ ● ‬‬ώϳ ◐ and ὺḳὨὦ Ὠὸϳ  is the mean velocity of 

the interface. 
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In the absence of interfacial fluctuations, the problem is entirely one-dimensional, ‘

‘ ώ, and satisfies 

Ὀ
Ὠ‘

Ὠώ
ὺ
Ὠ‘

Ὠώ
πȟ ώ π               Ὓρςὥ 

Ὀ
Ὠ‘

Ὠώ
ὺ
Ὠ‘

Ὠώ
πȟ ώ π              Ὓρςὦ 

with the boundary conditions, 

‘ȿO ‌ɝῲ                 Ὓρσὥ 

‘ȿ π               Ὓρσὦ 

ὺḳ
Ὠὦ

Ὠὸ

ὓ

ɝῲ

Ὠ‘

Ὠώ

Ὠ‘

Ὠώ
               Ὓρσὧ 

where we have substituted ‘ ‘ ‌ɝῲ into the bulk condition (required for self-

consistency). The quasi-steady, 1D solution for ‘ ώ is (Figure S1.9) 

‘ ώ ‌ɝῲὩ ϳ ρȟ ώ πȢ    Ὓρτ πȟ ώ π 

 

where ὰ Ὀ ὺϳ  is the diffusion length in the melt. The jump in the normal derivative of 

‘ across  ώ π is ɝὨ‘ Ὠώϳ ‌ɝῲὰϳ , which, according to the Stefan condition, 

gives the interfacial velocity, ὺ ‌ὓ ὰϳ Ὀ ὰϳ  (an identity). Thus, the solution is 

self -consistent. 
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Figure S1.9 Chemical potential field across a planar solid-liquid interface from Eqn. 

S14. 

 

  






















































