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Unique approach to measuring temperature variation of surface tension
in smectic liquid crystals
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We have measured the temperature variation of surface tension,freestanding films of three
liquid-crystal compounds. To do so, we have constructed a curvature-pressure tensiometer that uses
a feedback loop to hold constant the curvature of a film while the temperature of the system is
smoothly ramped. The apparatus enables us to obtain the temperature variationeofontinuous

manner with resolution i of ~0.2%. We interpret reproducible features of our data in terms of
phase transitions. @003 American Institute of Physic§DOI: 10.1063/1.1623629

I. INTRODUCTION complications making interpretation of data less than
straightforward. For instance, since the entire film vibrates

The study of surface tension is fundamental to the un- I o .
. : . and the mass per area of the film is one determining factor in
derstanding of adhesion, detergency, wetting, etc. The r

markably high surface area to volume ratios of freestandine[he resonant frequency, the meniscus can easily play an im-
y g %ortant role in determining the resonant frequency. Further-

liquid-crystal films allow unique opportunities to probe the : : . X
. ; more, any changes in the meniscus during data collection can
surface properties of these materials. In recent years, a vairj-

ety of tensiometers have been developed in order to measuthen introduce shifts in the resonant frequency causing com-

the surface tension of freestanding liquid-crystal filti. p‘ﬁcatlons in data analysis. In addition, such an experiment is

. . . dynamic by design. As the film oscillates, material must flow
These efforts have provided a wealth of information, such as T Lo o
: : ~ . “in and out of the film if the film is to maintain a constant
the role of molecular and physical structure in determining . .
) . density. How the flow rates of a material affect the resonant
the value of surface tensidr. Studying the temperature L .
L S . frequency of vibration is not clear and may not be a simple
variation of surface tension is also of great interest because | . . ) :
. S . iSsue. At a technical level, this experiment is extremely sen-
allows the investigation of surface ordering as the free sur-. . . . .
sitive to acoustical vibrations because the resonant frequen-

face undergoes a phase transition from one mglecula}r Cies tend to be on the order of 1 kHz. Thus, data collection is
rangement to another. Unfortunately, obtaining high-

resolution data has proven to be a difficult task. There argaSIIy interrupted by very ordinary events such as the sound

two recurring problems that can arise in the techniques ref9f a person’s voice. As a result, obtaining the desired tem-

X . : erature scans has proven much more elusive than our pre-
erenced above. First, the scatter in data for a given tempera-_. o
Iminary studies indicated.

; o .
ture is greater than 1% in most cases. Second, obtaining a We have constructed a new tensiometer to address the

single data point is too time consuming to allow for high- . . .
. . shortcomings of the drumhead experiment. Our new tensi-
resolution measurements with respect to temperature. The

techniques referenced have at least one of these problemsoﬁneter has comparable data scatter and temperature resolu-

) . . -tion as the drumhead experiment. We have measured the
not both. One notable success in dealing with both compli- I . o

. . . .. temperature variation of surface tension for three liquid-
cations simultaneously was our construction of a vibrating

drumhead tensiomet®in this apparatus, the film is vibrated crystal compounds to demonstrate the effectiveness of this

using electric fields. A phase-locked feedback loop ensures " experimental setup.

that the film vibrates at resonance while the temperature is

ramped. Recording the resonance frequency and temperature

provides a relative measure of surface tension versus tem-

perature. The data scatter with respect to surface tension wds THEORY BEHIND THE EXPERIMENT

reduced to roughly 0.2%. The temperature resolution was

practically continuous. Despite the elegance of the experi- Consider a freestanding film with a surface tension that

ment and the lovely data it can produce, this technique hagaries with temperaturey(T). It has been established by
Stannariuset al* that a pressure difference between two

sides of a smectic film will induce spherical curvature in a
dElectronic mail: mveum@uwsp.edu freestanding film(like blowing up a soap bubble on a ring
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FIG. 2. System used to hold bubble radius constant. A mechanically
chopped laser beam is reflected from the film to the center of a position-
Slow Leak sensitive detector. A lock-in amplifier reads the detector signal and is output
Differential Pressure Meter To Pump to the computer. The computer drives the pressure controller in order to keep
the laser beam centered on the detector.

FIG. 1. Three-staged oven that houses the smectic fllms. The inner a?ﬂressure difference between the inner and outer stages. Our
outer chambers are sealed from one another when a film is prepared in the

film hole. The pressure in the outer stages is manipulated by means of §StS indicat_e that the permeability of argon _m0|eC.U|eS
control valve. The film is inflated by slightly closing the control valve to through the film is very low. An MKS Type-223b differential

decrease the pressure in outer stages. A differential pressure meter measucgpacitance manometéd.2 Torr full scale, resolution of 2
the pressure difference between the inner and outer stages. The intermedi@tglofs Torr) measures the pressure diff;arence The signal
stage is the heater. ’

¢ from the manometefa voltage proportional to the pressure

) ) o ) . difference provides feedback to the pressure controller. The
The pressure dlfference in the radial d|rect|o_n across the filmg; point of the controller is simply manipulated by an exter-
AP, and the radius of curvature® are simply related 5 e yoltage, referred to as the “control voltage.” For our
through the surface tension of the film. setup, the radius of curvature of a bubble is roughly 1 cm and
AP=4¢(T)IR. ) the pressure difference is stable to withir8x 10 ° Torr.

The key thing to notice is that the pressure difference is
8ffectively manipulated and easily recorded to high resolu-
tion, since it is only a matter of providing and recording a dc
voltage.

At a given temperature, the pressure difference required t
inflate a film to a given radius of curvature is simply propor-
tional to the surface tension of the film. Thus,Rfis held
constant whileT is varied, thenAP will vary in direct pro-
portion to o. By recording theAP required to holdR con-
stant versusT, one obtains the temperature variationcof  B. Holding the bubble radius constant

This is precisely the idea behind our experimental apparatus. Figure 2 shows a schematic of the system used to Rold

constant. A chopped intensity-stabilized He—Ne laser beam

IIl. EXPERIMENT is reflected from the bubble to a position-sensitive photodi-
ode(UDT type SC-100D.2° Since the path of the reflected ray
is determined by the radius of the bubble, holdiigonstant
is then simply a matter of keeping the reflected beam spot at

The freestanding films are prepared in a three-stagethe same position on the photodiode. This was accomplished
oven as depicted in Fig. 1. The outer shell is an airtightoy constructing a proportional-integral-differential feedback
aluminum cylinder so that the film can be contained in asystem that interfaces the signal from the photodiode with
pressure-controlled environment of argon. With the excepthe pressure-control system. The photodiode is designed to
tion of a circular holg(diameter of 0.95 cm the inner stage have a null signal when the beam spot is centered on the
is an airtight stainless-steel chamber. The liquid-crystal filmgletector. As shown in Fig. 2, the output of the photodiode is
are prepared across the circular opening in the inner stagaput to a lock-in amplifier that is tuned to the chopping
When a film is prepared, the inner chamber becomes sealdtequency. The computer reads the signal of the lock-in am-
from the outer stages. The intermediate stage is @lifier and accordingly outputs a voltage to drive the pressure
temperature-controlled copper cylindgrot airtighy allow-  controller (i.e., the control voltage If the signal of the
ing smooth ramping of the ambient temperature of the filmlock-in amplifier wanders from zer@.e., if the beam spot
The oven is weakly coupled to a mechanical pump, causing moves from the center of the photodigdthe computer ad-
slow evacuation. The oven is also coupled to an argon sourdasts the control voltage to bring the signal back to Zgen,
through a control valvéMKS Type-1480G.° A pressure con-  bring the beam spot back to the center of the photodiode
troller (MKS Type-250 manipulates the control valve in or- With the feedback system operating, the computer simulta-
der to regulate the pressure of the outer stages. Since timeously records the control voltage and the film—plate tem-
inner stage is sealed by the film, the controller regulates thperature as the temperature of the oven is ramped. The con-

A. Making a bubble and controlling the pressure
difference
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HZ’C'CN FIG. 4. Temperature variation of surface tension obtained from an

HOPDOB film. The slope change in the vicinity of 53 °C suggests a surface
transition. The units on the vertical axis were scaled from surface-tension
data(in Ref. 1J).

Isotropic(58.5) SmA (48) Crystal
o our data indicate that the surface tension change®62
(I3Hs +0.002% per K over this range. Analyzing the surface ten-
H;C, -C-(CH2)3-0-<—=_>-C0z —@—o CH, CF, sipn data reported in Ref. 11 within the same temperature
}II window, we get a slope of (0.44+0.09% per

K, assuring us that the two data sets are quantitatively
Isotropic (100) SmA (63) SmC* consistent.
FIG. 3. (8)—(d) The molecular structures of HOPDOB, MHPBC, 12CB, and V\-/e also made measurements O-n-the compounq MHP-BC-
4MéOéF5MOP, respectively. Transition temperature’s are in c’Jegrees’, centll-n (EiOIng S0, We found some surprising results. Differential
grade. optical reflectivity (DOR) measurements show a surface
transition from SmA to SmE, near T=101.5°C* We
arefully scanned a wide temperature wind@¥ to 109 °G
@ut were not able to detect any anomalies in our data asso-
ciated with surface or bulk phase transitions in MHPBC.
Unlike with HOPDOB, it seems that the change in excess
IV RESULTS AND DISCUSSION surface entropy for the 101.5°C surface transition in MH-
We measured the temperature variationoofor three  PBC is too small to be resolved by our probe. Understanding
compounds, HOPDOB, MHPBC, and 12CB. The chemicalthe reasons behind this will require further study. An unex-
structures and phase sequences are shown in Fig. 3. pected reproducible feature, however, does show up near the
In order to give our system a critical test, we made meabulk SmA to isotropic transition nedr= 109 °C(see Fig. 5.
surements on the liquid-crystal compound HOPDOB. In twoThe slopeda/dT, changes from positive to negative upon
distinct experiments, the temperature variatiowdfas been cooling. It would be nase to claim that this anomalous
studied for this materidt!* Upon cooling, both previous ex- change in the surface tension is simply due to a surface tran-
periments show a sharp slope change from negative to possition as in HOPDOB. One problem is that the slope change
tive nearT=53°C. This feature is explained by recalling is the reverse of what one expects for surface enhanced or-
that the temperature derivative ofis directly related to the dering as predicted by Ed2). Additionally, as far as we
excess surface entropy per unit arga, know, there is not any reason to expect a surface transition at
do/dT=—s @ this particular temperatu_r_e. The surface Iaye_r is already in the
' SmA phase, so a transition to an intermediate phase before
As the surface undergoes an ordering transitargn change melting to isotropic is not logical. Incidentally, this feature
from positive to negative. A slope change as seen in thehowed up in an optically pure sample as well as in a race-
HOPDOB data is indicative of a surface ordering transition.mic mixture of the compound.
Our system reproducibly shows the same slope change as To understand the origin of this feature, we needed to
previously seen. Figure 4 shows one such data run. Firstule out mechanisms that are not due to the surface tension
notice that the scatter in the data is roughly 0.2%, compaitself. It is natural to speculate that as the reservoir of mate-
rable to the results of our drumhead experiment. Additionial on the film plate melts, the anchoring position of the
ally, the temperature resolution is also practically continuousubble will shift due to the flow of material as it more fully
by nature of the experimental design. Analyzia 3 Ktem-  spreads out on the plate. Such a process would be irrevers-
perature window just below the anomalous change in slopable. Figure 5 shows a cooling run and a subsequent heating

trol voltage is then scaled into absolute units by measurin
surface tension with our flexible-string tensiométer.
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FIG. 5. Subsequent coolin@pen circles and heating runs, showing tem- FIG. 6. Sub_se_quent coolingpen c_|rc|e}s ar_ld heating runs, shc_)wmg tem-.
erature variation of surface tension obtained from an MHPBC film Theperature variation of surface tension obtained from a 12CB film. The units
P . > o ; . ) on the vertical axis were scaled from surface tension values obtained with
slope change in the vicinity of 107 °C is the opposite of what is expected for - . :
ur flexible-string tensiometer.

a surface ordering transition. The units on the vertical axis were scaled fron?
surface tension values obtained with our flexible-string tensiometer.
because some fraction of the tails will fold over and expose
run. As one can see in Fig. 5, the feature is reversible upor—CH,— groups at the surface. This effect has been seen in
cooling and heating, ruling out this first possibility. The re- two separate casés?In the case of 12CB, the bilayer struc-
producibility shown near the SmA—isotropic transition givesture leads to the exposure ef CH,— groups at the film
assurance that once the anchoring position of a film is estalsurfaces and a measured surface tension of 27.1 dy(seen
lished, that position is robust. This important issue will beRef. 6 for further discussign
addressed again later in the article. These ideas lead to a plausible explanation for our data.
A second possibility is that upon approaching the isotro-As the film approaches the SmA—isotropic transition, fluc-
pic phase, the material undergoes a change in optical propuations in the layer structure become more pronounced. The
erties that shifts the path of the reflected ray, mimicking aflexible tails then have more space to conformationally ex-
change in surface tension. DOR measurements, howevaglore, exposing more-CH,—'s and increasing the average
show no dramatic changes in the optical properties of thesurface tension of the film. The observed increase in surface
material upon approaching the isotropic transition. The DORension above 107 °C is about the resolution of our flexible-
probe is designed specifically to probe optical changes. It istring tensiometer. Further investigations are necessary to
highly improbable that the tensiometer is more sensitive taonfirm or reject this speculation.
optical changes than the DOR experiment, particularly when We also made measurements on the compound 12CB.
considering the fact that the tensiometer shows no anomaligsgure 6 shows such a run. Upon heating, the crystal-SmA
for the many transitions clearly observed by DOR. transition temperature occurs at 48 °C, the bubble can be
Having ruled out these possibilities, we will speculatesupercooled and remains stable far below this temperature.
upon how the surface tension itself might be responsible. INotice that the subsequent cooling and heating runs very
has been definitively shown that the value of surface tensionearly overlap. We believe the small offset is due to slight
for a freestanding liquid-crystal film is determined by the adjustment of the anchoring position of the bubble to the
molecular group exposed at the free surfaces of the®fil.  meniscus during the long temperature ramp. From the repro-
surface composed ef-CH; groups will have a surface ten- ducibility over such a wide temperature window, we are
sion of roughly 21 dyn/cm, whereas surface composed ofgain assured that once the anchoring position of a bubble is
—CH,— groups will have surface tension of roughly 31 established, that position is robust. Schneider used a double-
dyn/cm. A surface composed partially efCHs's and  ring tensiometer to measure versusT on the compound
—CH,—’s will have some weighted average of these val-8CB? Although 8CB and 12CB most likely should not have
ues. The molecular structure of MHPBC is typical to manyexactly the same slope, we thought a comparison would give
smectic liquid crystals in that it has flexible hydroalkyl tails a further sense of the reliability of our data. Comparing the
on each end of the moleculsee Fig. 3 A closely packed average slope over a 15 K window, we find that the values
SmA surface layer with such a compound will yield a valueare within 5% of one anothdr-0.21% per K for 12CB and
of 0~21 dyn/cm since only the—CH; end group will be  —0.20% per K for 8CB. The consistency between these two
exposed. Using our flexible-string tensiométene have very different experimental techniques gives further evidence
measured a value of 21.4 dyn/cm at 104 °C, indicating ahat our probe reliably records the relative values of surface
closely packed surface at this temperature. In contrast, it hasnsion as a function of temperature. Schneider’s apparatus
been seen that if these flexible tails have space to conformagrovides significantly better resolution with respecbtthan
tionally explore, then the surface tension will be increasedurs (2<10°° and 2<10 3, respectively, but acquiring
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TABLE I. Comparison of the ratio of control voltages to that of measuredthe laser beam on the photodiode without making any adjust-

surface tensions for two sets of compounds. The compounds were Chos‘la”ﬂents to the optical components other than those necessary
for their wide range of surface tension values. Within experimental resolu-
9 P fo clean the oven. 4M60BF5MOP, MHPBC, and 12CB were

tions of both probes, the ratios are in good agreement. The uncertainty fo ) . )
the control voltage ratios is probably underestimated because they are basEf0SEN because they provide a wide range of surface tensions

on the spread in data from film to film for a single compound and do notdue to their varied chemical structures. We measured the
take into account any uncertainty introduced by removing the windows tosyrface tension of each using a flexible-string tensioméber

clean the oven. be 14.1+0.3, 21.4-0.4, and 27.%0.5 dyn/cm, respectively.
Compounds Control voltage ratio ~ Surface tension ratio Due to the order of sample loadings, it makes the most S.ense

TP yp—— 46001 P to compare MHPBC to the other two. The results are given

12CB-MHPBG 137081 127051 in Table I. Within our experimental resolutions, the ratios

agree with each other. This yields further confidence in the
reliability of our probe.
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