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Quartz Crystal Microbalance/Heat Conduction

Calorimetry

One need only look around to see that the world is
full of surfaces. A great deal of useful chemistry has
been developed to give thin films at surfaces desir-
able properties—coatings and finishes, for example.
Nature sometimes creates undesirable thin films,
such as the biofilm called plaque on teeth. Many
important chemical and biological processes occur in
these films either in their production or use. For a
solid film exposed to a gas, the gas may adsorb or dis-
solve in the film, or react catalytically at the surface.
In a coating containing volatile components, the
components evaporate by absorbing heat, the film
mass decreases, and the viscous film becomes a glassy
solid. Bacteria will grow on any film containing
nutrients. In all of these processes, heat is generated
or absorbed, the thin film gains or loses mass, the vis-
coelastic properties of the solid film change, and the
properties desired may be enhanced or destroyed.

The quartz crystal microbalance/heat conduction
calorimeter (QCM/HCC) was developed to study
these chemical and biological processes in thin
films.!” Heat conduction calorimetry has been used
extensively to measure adsorption energetics in
solids, and gas sorption instruments or thermal
gravimetric analysis can measure mass release in
solids. Rheological measurements of shear and loss
modulus are usually done at low frequency on large
samples with dynamic mechanical analysis instru-
mentation. Until the QCM/HCC, however, there
has been no instrument that simultaneously meas-
ures heat generation, mass uptake or release, and
viscoelastic property changes in the same submil-
ligram solid film sample.

QCM/HCC technology

The first commercially available QCM/HCC, the
Masscal™ G1 (Masscal Corp., Chatham, MA),
employs a patented mass/heat flow sensor* with a
sensitivity sufficient to detect molecular monolayer
formation in all signal channels. The mass sensor
used in the Masscal G1 is a piezoelectric shear mode
resonator made of quartz, termed a quartz crystal
microbalance (QCM). When the resonator is elec-
trically driven at its natural acoustical frequency, the
decrease in resonant frequency is proportional to the
increase in mass per unit area of a thin film deposited
at its surface. The thin film may be a polymer, a pro-
tein, a paint or coating, a chemical sample, a cata-
lyst, or a metal, but it must adhere to the QCM sur-
face. QCMs have been used for decades in the
vacuum deposition industry as monitors of film
thickness, and more recently they have found appli-
cation in electrochemistry (the EQCM).” The
Masscal mass measurement sensor is a 5.00-MHz
QCM, 2.54 cm in diam, inexpensive, and easily
replaceable. A deposit of 1 pg of sample per cm? on
the QCM surface decreases the resonant frequency
by an easily measurable 56.6 Hz. Subsequent mass
changes are followed as the film is exposed to atmos-
pheric pressure gas mixtures with varying partial
pressures of adsorbing or reacting gases.

An uncoated QCM has a sharply defined resonance
frequency, Vo. The width of the resonance OV is only
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a few Hz, and the mechanical
damping within the quartz that
gives rise to this broadening can
be determined by measuring an
electrical quantity called the

“motional resistance” R of the Sample film
QCM (for typical bare QCMs,

R~10 ohms). When thin, stiff Ciokd heat
films are deposited on the QCM ool uchors

surface, the increase in R is small,
but softer, thicker films (i.e., rub-
bery polymers 5-10 pym thick) can
increase R by hundreds or even
thousands of ohms. It was shown
that the difference in motional
resistance of the coated and
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uncoated QCM is proportional to
the shear loss compliance J” of the  Figre |

Cross-sectional view of the mass/heat flow sensor and sample chamber of

film.” For organic films gaining or the QCM/HCC. In the laboratory, a thin film sample (red) is coated on the top gold elec-

losing  volatile components,
changes in J” can be easily meas-

trode of the quartz shear mode resonator (QCM). The QCM is then inserted between the
thermopile and the sample chamber. The experiment consists of varying the composition of

ureFl, and 1‘ndi(.:ate ‘the exXtent to  the gas mixture at constant temperature and observing changes in the resonant frequency
which the film is being plasticized.  4nd motional resistance of the QCM and the thermal power flowing between the QCM
and the aluminum heat sink via the thermopile.

In the Masscal mass/heat flow

sensor (Figure 1), the QCM is

thermally coupled to a heat sink through a Peltier
thermocouple plate. Any heat flow generated by
processes in the thin film on the QCM'’s upper sur-
face is detected as a voltage change by the thermo-
couple plate—the heat conduction calorimetry
(HCC) principle. In the Masscal G1 (Figure 2), the
mass/heat flow sensor is placed in a quasi-adiabatic
thermal environment (temperature controlled to
+0.01 °C without using a circulating bath) and is
exposed to a slow flow of gas mixture at ambient
pressure. Three quantities are measured simultane-
ously: 1) the thermal power P(t) (to 0.5 W), 2) the
mass change m(t) (to 2 ng/cm?), and 3) the change
in motional resistance R(t) (to 0.1 ohm) of the
damped oscillator when the sample film takes up,
releases, or reacts with the probe gas. Any program of
gas composition versus time is achievable through
mass flow controllers. A series of stepwise changes in
the concentration of the volatile component is the
standard mode.

Any solid that can be prepared as a thin film on a
gold-coated quartz substrate is amenable to study.
Films of 1-2 cm? area and 0.1-10 pm thickness are
optimal. Methods of film preparation thus far have
included spin-coating, spray-coating, and electro-
chemical deposition. Solids studied have included
Pd and Pt metal films, an aliphatic polyurethane
polymer, the proteins lysozyme and myoglobin, the
molecular solids Cgo and Ceo/piperazine, a polymeric
mesoporous thin film, pharmaceutical film-coat
materials, and nutrient-containing agar films.

Applications

The QCM/HCC has many applications because it is
a new instrumentation concept in thermal analysis
and calorimetry, applicable to thin films. Examples
of applications already proved feasible or in progress
are given in Table 1.

Figure 2 Top view of the Masscal G1 showing the sample
chamber inside two layers of aluminum thermal shields, further
insulated with several inches of high-quality polyurethane foam.

In 2003, Masscal Corp. contracted with E.I DuPont
Co. (Wilmington, DE) to study the feasibility of
measuring binding enthalpies for certain materials in
solution to thin films deposited on the surface of a
QCM. These measurements showed that it is possible
to perform QCM/HCC measurements of reactions at
thin film surfaces with solution-based reagents, but
this capability is not yet ready for commercialization.
Experiments conducted at the author’s laboratory at
Drexel University (Philadelphia, PA) in 2004 show
that it is possible to detect protein-ligand binding
with all three measurement channels in a thin film of
human serum albumen exposed to solutions of the
organic ligand warfarin.®

In mid-2003, Masscal Corp. received a Phase I SBIR
Grant from the U.S. Department of Energy to deter-
mine the feasibility of developing a real-time monitor
of catalytic surfaces for petrochemical synthesis using
a mass/heat flow sensor. Measurements taken under
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films upon sorption of solvents; sorption enthalpies, partition coefficients, and changes
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Table 1 QCM/HCC applications g . ° |
Field Application 4 . o 3
Coatings Water uptake and softening of pharmaceutical film coats’ £ e
Molecular solids Solubility and solvent uptake in fullerene films’ z ’ -§ fg H'LL
Polymers Thermodynamic and rheological property changes (plasticization) of polymer g ° é

=

in shear and loss modulus; diffusion coefficients of volatile components in polymers®

- Ty

6,10

9 9 9 9 9ng 0 40000 ' 80000 40000 80000
Proteins Water sorption isotherms and enthalpies of lysozyme;'! phase transitions due to ’ Time / sec Time /sec
hydration of buffers in myoglobin/buffer films!? 2 210 d
Self-assembled Energetics of formation of self-assembled monolayers' by O N r
< -1 [
monolayers 5 R ] [
Paints and Drying and curing of spray-on enamel = £ 4 i L\
' . < |
finishes g B4 r‘
. . . . . @ -] -
Heterogeneous Reaction rate and mass buildup on a platinum catalyst during the hydrogenation = = LL
catalysis of ethylene® (see below) 20000 80000 pry w0000
Microbiology Detection in the early stages of bacterial growth on a nutrient medium by Time /see Time/see
simultaneously monitoring the mass change and the metabolic heat evolution® g ot
"
@ 24 { (
g 23 1‘
. . . . 2z 2 !
10 Run 67, Surface mass decreases during catalytic reaction and r‘eleasmg heat in the procgss. Figure 4d is g "
] ) the time integral of the previous trace, the = o .
50 °C reaction heat « » . . £ 19
8 integrated heat.” Figure 4e is the motional £ P "
(\ | ~ :
6 —~— [k resistance change of the film. =
C H ﬂ _\) 40000 80000
Time / sec

4 09 atm
5] on 0. 045 alm\ U
o] \ -
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Figure 3 Thermal power and mass change during the catalytic reaction

of hydrogen and ethylene at a platinum surface. The time scale is in min-
utes. When only ethylene is present in the nitrogen carrier gas stream, no

The data in Figure 4 are sufficient to deter-
mine both the enthalpy of water vapor sorp-
tion and the water vapor sorption isotherm in
Tecoflex (mass of water vapor per unit mass
of polymer film as a function of relative
humidity). The motional resistance trace can
be interpreted in terms of the plasticizing
effect that water or any other small organic
solvent has when dissolving in a polymer
film. The film is “plasticized” by the water
vapor and becomes softer. In terms of the vis-
coelastic properties of polymers, it can be
shown that the change in motional resistance
between the coated and uncoated film is pro-
portional to the film’s loss compliance. Thus,
Figure 4e shows that the loss compli-

ance of Tecoflex increases as it N, LOW a

Figure 4 Data collected when a film of the polyurethane
Tecoflex 8.5 um thick absorbs water vapor. The time scale is in
seconds. a) Program of water vapor partial pressure or relative
humidity flowing through the sample chamber. b) Mass of water
vapor absorbed and desorbed during the two full cycles. c)
Exothermic heat flow pulses observed every time water vapor is
absorbed, followed by the endothermic pulses when the water evap-
orates. d) Time integral of (c) and heat changes in millifoules for
each absorption/desorption event. The ratio of the step changes in
(d) and (b) vyield the sorption enthalpy of water vapor in Tecoflex,
and the mass changes in (b) give the water sorption isotherm. e)
Changes in motional resistance, or the damping of the QCM res-
onator, caused by water vapor sorption in the polymer film. As the
film absorbs moisture, it is plasticized and the damping increases.

heat is generated at the catalyst surface. When hydrogen is added, there is a absorbs moisture. oa W i S
large heat signal due to the exothermic reaction of hydrogen and ethylene at 0.2 r"' RES Air P
the catalyst surface. The lower panel shows that the mass of the adsorbed Figure 5 shows the signals from a Gdl ! - A
film on the platinum catalyst decreases when the reaction occurs. nutrient film of agar placed on the i 3 —— ) bl II' cali

QCM and then inoculated with E.

coli. On the first day of the experi- e | M, b
this contract show that it is possible to employ the ment, the atmosphere was nitrogen, and no ¢ Aii ()
QCM/HCC to monitor the rate of the reaction H; + growth was observed. When the ambient - } et
C;H4 - C;Hg at a platinum catalyst surface on the atmosphere was changed to air, the growth of e
QCM by detecting the heat evolved, while at the E. coli was observed as the evolution of heat, . _—— L . L . L - |
same time measuring the change in mass of the the increase in mass, and the increase in LN Adr ¢
adsorbed surface layer.”> An example of the data is motional resistance.’ s W :
shown in Figure 3. When only ethylene is flowing s —— —h-__,__q_l__ —
across the platinum surface, no heat is evolved. As According to a market report,'* technologi- 20 ; ) T
soon as hydrogen is added, however, the reaction pro- cal developments in the $20 billion U.S. . i . i . i i i i
ceeds and heat is evolved. Note, though, that the sur- analytical instrument industry are critically 0000 100 14:00 MO0 48:00 800
face mass decreases as soon as the hydrogen is added, dependent on the development of new-gen- t
and then increases when the hydrogen is turned off. eration instruments. The author contends  Figyre § Detection of viable bacteria using the QCM/HCC. The time scale
This is believed to be due to the reaction of hydrogen that the QCM/HCC is one such instru- 5 in hows. E. coli were inoculated on a thin film of agar growth medium and
with an adsorbed surface layer of adsorbed ethylenic ment. Below are the report’s criteria for  exposed to nitrogen for the first day. Since anaerobic growth of E. coli is slow, no
intermediate species. The QCM/HCC is the only new-generation instruments, and the way in  gional changes due to microbial growth are evident. When air is admitted, the
device that simultaneously detects heat evolution which the QCM/HCC meets these criteria:  thermal power increases in the first few hours, followed by later increases in both

and mass changes on the same thin-film catalyst.

[ ]
Figure 4 shows typical data for water vapor sorption
by an aliphatic polyurethane used in medical appli-
cations, with the trade name Tecoflex™ ¢ (Noveon
Thermedics Polymer Products, Wilmington, MA).
The film thickness was 8.5 pm. Figure 4a shows the
applied water vapor activity, programmed through .
the control software and generated with mass flow
controllers. Figure 4b is the resulting mass change
due to the absorption and desorption of water in the
Tecoflex film. Figure 4c is the corresponding thermal
power signal. Notice that every time the relative
humidity increases, there is an exothermic heat pulse .
coming from the water vapor absorbing in the film
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surface mass and motional resistance. These signals show that viable E. coli

“
It must have some feature that performs growing on the surface of the agar-coated QCM can easily be detected.
at least an order of magnitude better

than a preceding model.” This feature is

the quartz crystal microbalance, whose sensitivity the market for a given application.” The QCM/HCC
to mass measurements (+2 ng) far exceeds analyt- can measure change in mass, heat flow, and viscoelas-
ical mechanical microbalances on the market tic damping in a thin film exposed to a gas. The
“The design with regard to the combination of Masscal G1 is the first such instrument on the market.
components has to be new.” No one has previ-

ously combined a quartz crystal microbalance Several other potential applications of the
with a heat flow sensor. The resulting mass/heat QCM/HCC include:

flow sensor is covered by an issued patent with

more than 50 claims (licensed to Masscal Corp.) ¢ Characterizing the thermodynamic stability and
“The instrument should have performance capabilities resistance to oxidation of the supramolecular
not seen in previous models, and should be the first on nanoscale structures of nanotechnology



R
1.

00

APPL

Determining optimum moisture content in pro-
tein pharmaceutical formulations
Testing polymers as gas sensors.
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