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Abstract

A sensitive new measurement technology is described which combines calorimetry, gravimetry, and rheology applied to chemical reac-:
tions in thin films: quartz crystal microbalance/heat conduction calorimetry (QCM/HCC). The quartz crystal microbalance/heat conduction
calorimeters constructed so far simultaneously measure heat generation, mass uptake or release, and viscoelastic property changes in the s
sub-milligram solid film sample when gases interact with the film in an isothermal surrounding. It is possible to measure the energetics of
formation of a single layer of adsorbed molecules on a gold surface with this technique. The principles of operation of both the mass and the
heat flow sensor are described, and one implementation of the combined sensor and apparatus and its electronics is presented. Methods
calibration and the preparation of thin sample films are summarized. As an illustrative example, the determination of the sorption enthalpy of
hydrogen in a 25C palladium film of 140 nm thickness is discussed in detail. Other examples of the operation of the QCM/HCC are tabulated.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In all these processes, heat is generated or absorbed, the
thin film gains or loses mass, the viscoelastic properties of the
The world is full of surfaces, and chemistry creates coat- solid film change, and the properties desired may be enhanced
ings on these surfaces in natural and man-made ways. Surfacer destroyed. Quartz crystal microbalance/heat conduction
chemistry has been developed to give thin films at surfacescalorimetry (QCM/HCC)was developed to study these chem-
desirable properties—coatings and finishes, for example. Na-ical and biological processes in thin filrf-4].
ture sometimes creates undesirable thin films, such as the The individual components of measurement in
biofilm called plague. Many important chemical and biolog- QCM/HCC each have long histories. In the early 19th
ical processes occur in these films either in their production century, accurate gravimetric measurements launched the
or use. For a solid film exposed to a gas, the gas may adsorlguantitative interpretation of chemical processes in terms of
or dissolve in the film, or react catalytically at the surface. atoms and molecules. Heat conduction calorimetry has been
In a coating containing volatile components, the components extensively used to measure adsorption energetics in solids.
evaporate by absorbing heat, the film mass decreases, anas sorption instruments or thermal gravimetric analysis can
the viscous film becomes a glassy solid. Bacteria will grow measure mass release in solids. Rheological measurements
as biofilms[1] on any surface accessible to nutrients. of shear and loss modulus are usually done at low fre-
guency on large samples with dynamic mechanical analysis
instrumentation. The quartz microbalance/calorimeter
* Corresponding author. Tel.: +1 5082418628; fax: +1 5083480303, Simultaneously measures heat generation, mass uptake or
E-mail addressasmith@masscal.com (A.L. Smith). release, and viscoelastic property changes in the same,
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sub-milligram solid film sample when gases interact with 5-10um thick) canincreas@by hundreds or eventhousands
the film in an isothermal surrounding. of ohms.
Since the mid 1980F8] it has been recognized that TSM
resonators can also operate in fluid media if electronic os-
2. The quartz crystal microbalance cillator drivers of suitable gain are employed to excite the
resonator and to offset the losses due to damping of the res-

A flat quartz disc with electrodes on both surfaces can onator by the fluid. When immersed in water, the motional
be forced to oscillate in a transverse acoustic mode (motionresistance of a 5 MHz TSM resonator increases 360S2.
parallel to the surface) by an RF voltage applied at the acous-The electroacoustic theory of damped TSM resonators has
tical resonance frequency of the plate. This device is called been well developed by a number of grofip®-12]. For an
a transverse shear mode (TSM) quartz plate resonator. Thenfinite viscoelastic liquid in contact with the TSi8], the
frequency of the fundamental mode is inversely proportional frequency shift is
to plate thickness. For a plate thickness of 882 cut from 1 1/2
a single crystal at a specified set of angles designated as théfia = ~(2paha) ~(ami fo/) / (3)

AT cut, the resonant frequency is 5.00 MHz in the transverse wherep, andn are the density and viscosity of the liquid. For
shear mode. a5-MHz QCMimmersed in water at 2&, Afjq = —710 Hz.

The development and applications of quartz plate res- The impedance of a TSM resonator damped by a finite
onators is a venerable field in electrical engineering, dat- viscoelastic film can be described as the sum of two complex
ing back to World War II. Quartz plate resonators are the impedances:
basis of accurate measurements of time and are found in
many commercial products from quartz timepieces to ul- L=2q+ 72, )
trastable frequency counters. TSM quartz plate resonatorswhere the acoustic load impedance due to the Z|mcon-
have been used as sensitive microbalances for thin adherenfains both an inductive and a resistive part. Equations have
films since the late 1950's, following the pioneering work of - been giverj9—11]relating the complex impedance of a TSM
Sauerbrey5]. A TSM resonator whose frequency is contin- - resonator damped by a finite viscoelastic film to four param-
uously monitored when sample is deposited on its surface eters characterizing the film: the thicknégsthe densityps,
is known as a quartz crystal microbalance (QCM). The res- the shear storage modulG$ and the shear loss modulGg .
onant frequency of a quartz TSM resonator of thickress  Shear moduli are functions of the frequency at which they are

IS: measured, so for TSM resonat@sandG” are determined at
1/2 the QCM resonant frequendy. The determination of shear

fo= (ka/pa) ™~ @) storage and loss moduli of thin viscoelastic films with TSM
2hq resonators has been reviewd®,14]. Even though the ba-

whereyzq andpq are the shear modulus and density of quartz, SIC Physics of damped TSM resonators is well understood,
The shiftin frequency due to deposition of a film of the same the effort to determiné&; andGy’ from measurements of fre-

acoustic impedance as quartz is proportional to the depositeddUency shift and motional r_esist:_:mc_e change has been fra_ught
mass per unit area of the film/A: with problems. For very thin, rigid films, the frequency shift

contains no information on eithéi; or G{’ because the Sauer-

brey limit (Eq.(2)) is reached. For thicker and/or lossier films

the frequency shift and motional resistance depen@;amnd

G{ ina complex manner not obvious by examining the equa-

For an AT-cut 5MHz crystal at room temperature, tions.

C=56.6 Hz/(ug/cm). QCMs have been used as film thick- The acoustic load impedan of a film measured at

ness monitors in vacuum deposition of metals and inorganic frequencyw = 2xf, is

solids since the 197(6]. QCMs are useful because of their

sub-nanogram sensitivity. Z\ = iwhtprtang/g, ()
The electrical characteristics of an uncoated quartz QCM yyhereg is the (complex) acoustical phase shift,

are well represented by a simple RLC damped resonator

equivalent circuit with a complex impedangg. Using an @ = ht\/pt/G (6)

!mpe_dance analyzer, itis possible to measure both_the real anchere, the modulug; =

imaginary parts oZq for TSM resonator$/]. The width of

the resonance for an uncoated 5 MHz resonator is 10-20 Hz

and the mechanical damping within the quartz that gives rise

to this broadening can be determined by measuring the mo-(2) the difference in resonant frequenayf=f (crys-

tional resistanc® of the resonator, typically-10X. When tal +film) — f (crystal)

thin, stiff films are deposited on the QCM surface the increase (b) the difference in motional resistanc&R=R (crys-

in Ris small, but softer, thicker films (i.e., rubbery polymers tal +film) — R (film).

22 Am 212
0 = ﬁhﬂof = —Chips. (2)

Af =200 20 _
(P«q:oq)l/2 A (quq

Gt + iGY is also complex.
Two convenient experimental measures of the film prop-
‘erties are
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For thin films (the gravimetric region) the frequency shtift 3. Heat conduction calorimetry
is proportional tqoshs, the mass per unit area of the film (the

Sauerbrey relation, E@R)). It is possible to define an “ideal In heat conduction calorimetf$6] the instantaneous ther-
rigid mass layer” with small acoustic phase shift§], for mal powerP = dQ/dt, generated within a sample is measured
which the acoustic load impedance is purely imaginary and by means of a heat flow sensor located between the sample
the Sauerbrey limit is reached. and a heat sink. The time integration of the thermal power sig-

The relationship betweefy and the measured quantities nalQ= [P(t)dtgives the total heat associated with a chemical
is[15] process or reaction.

The heat flow sensors used in our calorimeters are ther-

Afffo=—IM(ZL)/7Zeq () mocouple plates (TCHL7]. A TCP is made up of a large
AR/ArfoLq = Re(Z.)/nZeq. 8) number of thermocouples made of p- and n-doped bismuth

telluride, connected in series electrically to give high output
Here, fo, Z¢q, andLq are the resonant frequency, acoustic voltages butin parallel thermally to give a high ratio of output
impedance, and motional inductance of the bare quartz crys-voltage to temperature difference over the TCP. The Seebeck
tal. coefficienta (V/K) for a single thermocouple is defined by
BothAfandARare zeroin the limit of zero film thickness. AU =aAT. For a TCP we may define a device Seebeck co-
Voinova et al.[9] present equations for both quantities in a efficient,E=NawhereN is the number of thermocouples in
power series expansion in the thicknbs3/NVe have obtained ~ a TCP.

equivalent results from expandig in a power series ih; Two properties of a TCP determine its sensitivity: the de-
and collecting real and imaginary parts. The resulfdand vice thermal conductandé (W/K) and the device Seebeck
AR, to third order irty, is: coefficient: the calibration coefficient, of an ideal heat flow
calorimeter using a TCP is
Aif_’ofihf 1+h7f2 47'[f02pr/ (9)
fo pahq 3G24+G2 ¢ =K/E, (W) (15)
5 ” For areal calorimeter some heat will be lost through heat flow
AR = 2Lq 4 f2 ?Gi (10) paths otherthanthe TCP, so ameasured calibration coefficient
3rZq G?+G"? will be somewhat higher than the one calculated with(Eg)

In the theory of viscoelastic solids, the compliance can [17]. The inverse of the calibration coefficient is termed the
' sensitivity of the instrumer (V/W).

be used instead of the modulus to quantify storage and loss A q h | ; he heat i
behavior. The shear storage compliance is defined as: tst(_aa y stat(_a the output voltagey) from the heat flow
sensor is proportional to the thermal power:

y=—9
- G2 + G2
and the shear loss compliance is defined as:

(12) P(r) = eU(s). (16)

Determination ot is discussed below.
Eqg. (16)is sufficient for measurements when the thermal
" G” power changes slowly with respect to the time constant of
- G2+ G2 (12) the calorimeter. If we are interested in the kinetics of rapidly

o ) . _ changing processes, Hd.6) must be generalized. The Tian
Thus, the thin film limit equations can be rewritten as: equation is employed for this purpose:

A h Ah2rfped’ du(t
AF _ piht [y AhEnfopt (13) P =¢ (U(z)—i—r()) . 17)
fo ,thq 3 dr
and Herez, the time constant of the calorimeter, is given by:
AR = —+ h2J". 14

372" pehsJ (14)

whereC is the heat capacity of the sample and its container.

Eq. (13) is useful in estimating the thickness of compliant Note that the heat capacity of the sample only influences the
films at which deviations from the Sauerbrey equation are time constant; the calibration coefficient is not changed. This
noticeable. Eq(14) is useful in interpreting motional re- is in contrast to adiabatic Calorimetry in which the measured
sistance measurements of thin films. In the thin film limit, total heatQ for a process is proportional to the total heat
the motional resistance change is proportional to the squarecapacity of sample and container.

of the film density, the cube of the film thickness, and the

loss compliance of the film. For a 5-MHz QCM, typical 1 A useful discussion of the physical properties and operating for-
values forLq and Zq are 0.0402H and 8.84 10° Pas/m, mulae for thermoelectric devices can be found at the following URL:
respectively. http://www.melcor.com./formula.htm.
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Fig. 1. Mass/heat flow sensor and sample chamber.
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4. The mass/heat flow sensor Bubbler -

One realization of the mass/heat flow sensor that permits Oo
simultaneous measurements of mass change and heat flov N o
from the same thin film sample is shownfig. 1. This is the Laothermal bth 0
sensor used in the MassE¥IG1. To the ceramic plate con-
stituting the top of the thermopile are applied thin layers of

gold that separate the lower side of the shear mode resonatolr:i 5 Subsvstem for introduction of , th avolatil
(QCM) from contact Wlth a Surface that WOUld dampen |tS g.z. ystem or introduction o gas mixture withavo atlecomponent.
vibrations. They also function as electrodes to conduct RF
power from the QCM oscillator electronics to the gold elec-
trodes on the top and bottom of the QCM crystal, and as heat
conduction paths from the QCM to the thermopile. Heat is
also conducted through the air gap between the bottom of
the QCM and the top of the thermopile. The thin film sam-
ple is applied to the top of the QCM crystal while outside
the apparatus by a variety of techniques described below. A

sample chamber (indicated only schematically here) rests on . : . .
. The thermal time constant for cooling the calorimeter and its
the outer edge of the QCM crystal through an o-ring seal, . :
heat shields is 17.3 h.

and contains ports for gas inlet and outlet. In the Masscal . .
. ; In QCM/HCC, changes in the measurement variables may
G1 the sample chamber volume is 0.30 mL. Typical gas flow , " ) . .
. . : be induced by spontaneous chemical or biological processes
rates of 10-20 cAimin allow for rapid change in sample gas . oo ; :
. L occurring within the sample film or by varying the gas com-
composition within the chamber. oS : S .
position in contact with the film in order to induce such
processes. In both cases itis convenient to employ a software-
based method of controlling gas composition. In both the
Drexel instrument and the Masscal G1, this is accomplished
with a separate subsystem based on mass flow controllers.
ef:ig. 2 shows one realization of the subsystem, used to con-
trol water vapor activity. For a liquid whose vapor pressure at

an outer aluminum shield (3.1 kg), which is surrounded by a
10-cm inch layer of high quality insulation. The total mass of
the two shields is 3.67 kg. Heaters on two opposites sides of
the outer shield are powered from a dc supply controlled by
a high precision temperature controller capable of regulating
the shield to better tha:0.005°C from ambient to 110C.

To maintain a 10C difference between ambient and the heat
shield/calorimeter assembly requires 0.54 W of heater power.

5. The apparatus

The mass/heat flow sensor and sample chamber must b
thermally isolated from its surroundings in order to allow

precise calorimetric measurements. Fig. 1 of [&8] and the temperature of the bubble-through containég, the

Fig. 1 of ref. [3] show schematlg diagrams of the_ sample partial pressur®; of the solvent in the output gas stream is
chamber of the Drexel quartz microbalance/calorimeter. In [21]

this instrumen{2,19], the sample chamber/sensor combina-
tion is placed in a cylindrical brass enclosure and immersed f2/(1 = Pyap)
in a constant temperature bath taken from a Tronac Model P2 = Puap <f2/(1 — Puap) + fl) )
1250 calorimeter (see Fig. 2 of r¢8]). The bath regulates
to +0.0001°C and may be varied from ambient temperature Here,f; andf, are the flow (in standard ctftmin) of car-
to 45°C. rier gas through the two mass flow controlleg,p the va-

In the Masscal G120], the sensor/sample chamber com- por pressure of the liquid in the bubbler, aRgthe partial
bination is mounted on an inner aluminum heat shield (masspressure of the volatile component in the exit stream. The
0.61kg), which serves as the heat sink. This unitis encased insoftware for data acquisition and instrument control for both

(19)
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the Drexel system and the Masscal system includes programsughly the various limiting cases in which it is still possi-
for variation of the partial pressuR in both increasing and  ble to apply the Sauerbrey equation, but they are much more
decreasing direction in stepwise or ramp fashion. This sub- limited than in the case of film/gas interaction.

system may also be used to produce two-component mixtures

of non-condensible gases. 7.2. Thermopile

Although the dimensions and thermal properties of the
material of which the thermpiles are made will determine its

f id il | ics th ari absolute sensitivity, the geometry of the thermopile, the QCM
Two firms provide RF oscillator electronics that can drive ;, close proximity with it, and the sample chamber sealing

a 5-MHz quartz crystal into resonance and provide outputs to the top of the QCM, will determine what fraction of the
of both the resonant frequency and the conductance voltagey, o o generated in the sample will flow down through the ther-
an intermediate quant_ity from which motional resistance can mopile. It is thus important to determine experimentally the
be computed. These firms are Maxtek Inc. (Santa Fe SIOrIr]gsfchermopile sensitivitys=1/. In the Drexel University appa-
CA) and Stanford Research Systems (Sunnyvale, CA). The 4,5 the sensitivity was determined electrically by determin-
Drexel University instrument employed Maxtek electronics ing the QCM crystal’'s motional resistance and then exciting
(Model PLO-10 phase lock oscillator and Model RQCM re- ¢ v ta| at resonance. Under these conditions, the thermal

search quartz crystz_il microbalance), and the Masscal G1 em'power dissipated by the quartz CryStaM%]S/RmotionaL and
ploys SRS elect_ronlcs (th? SRS QCM 190/25)' ) a measurement of the mean square excitation voltage will de-

The thermopile output is measured with low-noiSe Nano- tgmine the thermal power generated by the crystal. Since the
volt amplllflers provided by. EM Elgctrqnlcs (Brockenhprst, crystal is driven to resonance in its normal operations, there
Hampshire, UK). I_:or a3-s mtegratlon_ tlme_, typical achieved will always be a contribution to the total thermal power signal
short-term rms noise levels are ., with drifts of <1uV/h from the heat generated within the crystal itself. This is cal-
in well-equilibrated experiments. culable fromRmotionas and it can often be 60—1300. If the

Both the conductance voltage and the nanovolt amplifier o0 resistance changes substantially in an experiment
output are digitized by 16-bit A/D converters on a National due to gas sorption, the this crystal thermal power compo-
Instruments PCI multi-purpose datg acquisition bqard. In the nent must be calculated and subtracted from the total signal
Drexel QCM/HCC, the frequency is measured with an HP 4, 4ot the signal due to the gas/thin film interaction itself.
53131Afrequency counter interface toa PC throughan HPIB  go 5, se there are electronics challenges in determining
interface. In the Masscal G1, the frequency is determined by precise values of the motional resistance for the purpose
mixing with a stable oven-controlled oscillator and counting of thermopile calibration, we are developing an alternative
the frequency difference with the data acquisition board. A method based on the dc power dissipation in a thin-film re-
LabView program to acquire the data and control the experi- sistor on top of a quartz crystg0].
ment has been developed for both the Drexel instrument and
the Masscal instrument; further details can be found in ref.
[19] and in the Masscal G1 operations manual.

6. Electronics for data acquisition and control

8. Thin film sample preparation

7. Calibration In order for both mass and heat flow sensors to operate, the
thin film sample must adhere to the top surface of the QCM
7.1. Quartz crystal microbalance and be of uniform thickness. Powder or polycrystalline sam-

ples cannot be used because such non-adherent materials do

For a film interacting with a gas, E{L3) providesaquan-  not follow the transverse motion of the QCM surface. The
titative means of determining if any calibration is needed for mechanical behavior of films on the quartz microbalance has
the mass measurement. The numerator of the factor outsidebeen modeled by Kanazay24], who examined the ampli-
the brackets can be expressednagn/Asim, the mass per  tude of the shear displacement in the quartz crystal and in the
unit area of the film. If the second term inside the brackets is overlying film for several cases. For a 1-V peak RF applied
«1, then the Sauerbrey equation is obeyed and the QCM is avoltage typical of the Stanford Research Systems oscillator
true gravimetric device. The correction factor is proportional driver, the amplitude of the shear wave of a bare crystal is
to the square of the film thickness, the film density and the 132 nm, but this amplitude is reduced by a viscoelastic coat-
film's shear compliance. Since most polymers are below ing.
their glass transition temperature at frequencies of 5MHz,  Several methods have been used to prepare thin film
the time—temperature superposition princifg2,23] can be samples for the QCM: dip coating, drop coating, spray coat-
used to estimate the magnitudeXfand thus the thickness ing, spin coating, and self-assembled monolayer (SAM) for-
at which the Sauerbrey equation becomes inaccurate. mation. To achieve sample homogeneity and uniformity the

For QCMs interacting with liquid films, the problem is best of these methods is spin-coating, if the film material
much more complex. Tsionsky et 4ll2] discusses thor- is amenable to this treatment. The effect of non-uniform
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thickness of films on the operation of the QCM has been exists (0.015<H/Pd < 0.7 at 298 K). The critical point of the

treated by several authdrk2,25].
Since the measured frequency differensé=f (crys-
tal +film) — f (crystal) is proportional to the mass per unit

area of the film, the total sample mass is obtained from Eq.

(2) as (AM/A)Aim whereAsim is the area of the film exposed
to the gas.

9. Sorption of gases in solid thin films and at surfaces

Markova et al[26] have presented applications of a dou-

o/B phase diagram i§; =563 K andP; =19 bar{30].

Historically hydrogen sorption isotherms for palladium
have been determined by one of three methi@d§. The
pressure—composition—temperature (p—c—T) relationship has
been studied from direct measurements of the partial pressure
of hydrogen above a palladium sample as a known volume of
the hydrogen gas is admitted into the sample container. Hy-
drogen can also be introduced into palladium by electrolysis.
The cell potential of an electrochemical cell has been used
to determine the hydrogen content of a palladium electrode.
The current through two electrochemical cells separated by

ble twin isothermal sorption calorimeter, which can be used a palladium bielectrode membrane has been used to deter-

to determine the sorption isotherm and the differential en-

thalpy of sorption for solid powders. The quartz microbal-

mine the diffusion coefficient of hydrogen in palladium. The
hydrogen content can also be determined by measuring the

ance/calorimeter described here can be used to determinelectrical resistance of the palladium hydride.
both sorption enthalpies and sorption isotherms on the same The enthalpy of hydrogen sorption in palladium has

thin film solid samplg18,27-29].
The sorption of a gas or volatile solvent A in a solid thin

film or on a surface is represented by
A(g) — A(absorbed) (20)

Suppose that a thin film of mass;, absorbs a massn of

a gas of molar mass MM. The heat liberated by this process

is:
30 = 8mAly‘*’sorptior/'\/'M (21)

where AHsorption iS the differential enthalpy of sorption of

the gas by the thin film. Since heat conduction calorimetry Hz(g) + ipdl—b — bideb

measures thermal powBr=dQ/dt, we obtain:

Thus, the thermal power is proportional to the time derivative

been measured either directly by calorimetric methods or
indirectly from p—c—T relationships (through the Clausius
Clapeyron equation) and electrochemical experiments. Since
hydrogen tends to absorb at very low pressures, distinguish-
ing between the energetics of thgphase formation and the
adsorption of hydrogen on the surface is not straightforward.
Most of the measurements performed before the 1970s were

nthea—p phase region. With improvements of the ultrahigh
vacuum technology, the data for thephase have increased
over the past decades. Flanagan ef3l] have determined
the differential enthalpy for hydride formation,

(23)

at 298K to be—19.1+ 0.5 kJ/molH over the composition
frange 0 <H/Pd<0.7, in excellent agreement with more re-
cent result§32].

of the mass signal, and the sorption enthalpy can be obtainet)0.2. Experimental

from the proportionality constant.

An example of the relationship between the thermal power

A thin palladium film was electrodeposited on the gold

and mass signals is the absorption of hydrogen gas in a thinelectrodes of a QCM. The shift in the oscillation frequency

palladium film[19].

10. Hydrogen sorption in palladium

10.1. Introduction

(9589 Hz) before and after the electroplating was used to de-
termine the mass (23ig) of the palladium film. The film
thickness (141 nm) was calculated from the density of palla-
dium (12.0 g/cc) and the film area (1.27%m

During the sorption experiments axMl, gas mixture
whose hydrogen composition was changed periodically us-
ing mass flow controllers under software control was passed

The palladium/hydrogen system has been studied exten-over the Pd-coated QCM mounted in the sample chamber
sively as early as the 1860s. Palladium has a peculiar positionof the Drexel University apparatus. The, Hised was of

among the group VIIl metals. It has the highest hydrogen sol-
ubility and can absorb and desorb hydrogen under mild con-

ditions very rapidly, forming a nonstoichiometric hydride,
PdH, [30]. Two different phases of the hydride can form at

room temperature depending on the hydrogen composition:

the a phase for low H/Pd atomic ratios (H/Pd <0.015) and

the B phase at higher hydrogen concentration (H/Pd>0.7).

The plateau region or miscibility gap of the sorption isotherm
is a region in which a solid solution of bothandp phase

purity 99.9%. The result of one 14-h experiment is shown
in Fig. 3, and the sixth and seventh cycles of this run are
shown in more detail ifrig. 4. The sorption cycle consisted
of 6 sorption/desorption steps, each of duration 550 s.

The mass and thermal responses of a clean gold surface
on another reference QCM were measured for the same flow
pattern used foFig. 3. Resulting thermal power changes for
each step change in hydrogen partial pressure wergsW.3
and mass changes were <3 nm.
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10.2.1. Discussion of results

In Figs. 3 and 4, the thermal power signal is indeed the
time derivative of the mass signal, as predicted for sorption
processes by ER2). Diffusion of atomic hydrogen in palla-
dium is far too fast to affect the observed kinetics. Diffusion
coefficients for hydrogen in palladium for thephase33]
are 1.3-3. 10~" cné/s, and for a film 140 nm thick the
time for equilibration of the hydrogen concentration is less
than 1us.

There is a slow downward drift in the mass trac&ig. 3,
of —0.023% of the film mass per hour. This effect has been ob-
served by other researchers and is attributed notto a mass loss
but to the slow release of elastic stresses in the palladium film
[34]. It is known that palladium undergoes a volume expan-

Fig. 3. Thermal power and mass change generated in a 140 nm palladiumsion of 11% during hydrogen sorption and in electroplating
film subjected to cycles of increasing and decreasing partial pressures of H [30]. The palladium film is firmly bound to the gold/quartz

in an N, carrier gas at 25C. Total pressure, 1.0 atm, initial H/Pd content

unknown (see text).
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Fig. 4. Cycles 7 and 8 dfig. 3—partial pressure of Hladsorbed hydrogen
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mass, and thermal power generated byshrption by a palladium film.

layer. The volume expansion in the electroplating process re-
sults in a large strain on the QCM surface, which in turn has
a substantial effect on the oscillation frequency of the QCM
[35,36]. After the QCM is removed from the plating solution
the stress is slowly relieved.

When such a stressed film is further stressed by hydrogen
sorption, the shift in the oscillation frequency has two compo-
nents: a gravimetrical frequency shift following Sauerbrey’s
relation and a frequency shift due to the change in surface
stress. The exact magnitude of the stress-related frequency
shift can be determined from measurements with two quartz
plate resonators cut from a single crystal at different angles.
If an AT-cut and BT-cut resonator pair is used, the total fre-
guency shift for each QCM is given in the equation below
[35,36]

AT KATASAT  AMAT
fo AT g (24)
0 q Patq
AfBT  KBTASBT  AMBT
fo BT pgiBT (25)
0 q Patq

where £ and f§T are the original resonant frequen-
cies of the AT-cut and BT-cut QCMsAf is the shift in

the resonant frequencyy\M is change in the mass load-
ing, AS is the change in the lateral stres$§,is a stress-
related proportionality constant, apdand ¢ are the mass
density and the quartz plate thickness, respectively. The
constantskAT and KBT have almost the same magni-
tude but the opposite sighAT =2.75x 10-12cnmé/dyn and

KBT = —2.65x 10~ 12 cné/dyn.

For an AT-cut QCM the hydride formation induced stress
results in a decrease in the oscillation frequency as does
an added mass loading, whereas for a BT-cut QCM the os-
cillation frequency will increase. Cheek and O'Gra@y]
have shown that the shift in the resonant frequency of an
AT-cut QCM overestimates the mass by a factor-~a?
(Afactuaimass —185 Hz, AfAT = —351 Hz), where the same
H loading in a palladium film with a BT-cut QCM will re-
sult in no significant frequency shift (A&uaimass —185 Hz,
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AfBT = _20Hz)[38]. Using an electrochemical quartz crys- E‘i‘ftf"ezt, | corotion enthaloies of v i palladium ed fori

. H _ Imerential sorption enthalpies or nyarogen in pallaaium (corrected ror rim
tal microbalance Liu et a[39] calculate_d the mass of ab stress)
sorbed hydrogen from the electrochemical current and were

able to account for the shift in the oscillation frequency of a ﬁ‘/’sg"ge. Hydride Average AsorptioH
. ratio  formation or AsorptiorH corrected for film
10-MHz AT-cut QCM due to surface stress. A frequency shift decomposition  (kJ/mol H) stress
of —423 Hz was separated into the gravimetrical (—210Hz _ Formation Y 0
for 181 ng of hydrogen) and the surface stress componentsy 17 118 _236
(—213 Hz for a surface stress of 1071 MPa). 0.22 -11.9 -23.8
Table 1gives H/Pd ratios and differential enthalpies of hy- 0.26 -10.9 -21.8
drogen sorption (hydride formation and decomposition) dur- 0-29 -114 —228
ing the two sorption cycles shownkig. 4. The massy is the -114 —228
observed mass at the beginning of a step,/amd- mj;1 — m 0.35 Decomposition 8.0 €10
is the mass change attributed to hydride formation or decom-g'g% 3‘2 g'g
position during that step. The integrated h€ais equal to 023 99 19.8
JP(t)dt, whereP is the thermal power signal, integrated over 13 105 2.0
the time of the step. Differential sorption enthalpies per mole 0.13 11.8 3.6
of absorbed atomic hydrogen were calculated for the individ- yean of enthalpy of hydride formation 233411
ual steps from the integrated heats and mass changes. Mean of enthalpy of hydride decomposition 195+ 2.6
The differential sorption enthalpies are a factor of 2 lower Mean of absolute magnitude of sorption 214+ 28

than accepted experimental values. We believe that this dis-_ enthalpy

crepancy is due to the residual stress in the palladium film

imparted during the electroplating process. Since the double

resonator technique was not used in this work, we used thecontribution of stress to the observed frequency shift is equal
relationships results summarized above to estimate the actualo the contribution from change in mass. We have no way to
hydrogen mass in the palladium film in the present work. For check this assumption without further experimentation.

the 5-MHz AT-cut QCM we take the actual mass to be 0.50  In Table 2, we have averaged the results of each step from

of the mass calculated from the Sauerbrey equation; i.e., thethe two runs shown irFig. 4, then applied the correction
for film stress. Given the experimental uncertainties, we can-

Table 1 not identify any trend with increasing H/Pd ratio for either
Differential hydrogen sorption enthalpies in a 141 nm palladium film, un- the formation or the decomposition enthalpies. The mean
corrected for stress in the palladiim value of the absolute magnitude of all differential enthalpies,
m () Am(ng) Q (pJ) H/PE AsorptiorH (kJ/mol) 21.44 2.8 kJd/mol H, isin satisfactory agreement with the pre-
0114 102 _6413 010 _126 vious results of Flanagan et §1](19.1+ 0.1 kJ/mol H) and
0.216 57 —342.3 019 -12.0 of Sakamoto et a[32] (18.64 0.3 kd/mol H).

0.273 43 —264.8 024 —-12.3 In order to compare our measured values of enthalpies
0.316 39 —204.6 028 —-10.5

of hydrogen sorption with the literature values, the hydro-

0.355 36 —202.6 031 -11.3 . :
0391 32 _1877 034 117 gen content of the palladium fllm before exposure to hydro-
0.423 _45 181.4 037 81 gen gas has to be known. It is known that an electroplated
0.378 —46 204.8 033 8.9 palladium film can contain moderate amounts of hydrogen,
0.332 —47 222.2 029 9.5 which form a chemically stable hydride at room temperature
0.285 -3 2633 25 9.9 [40—42]. This residual hydrogen is usually removed by heat-
0.232 —66 344.9 020 10.5 ina th ladi e to at i b its critical
0.166 106 630.0 as 11.9 ing the palladium sample to a temperature above its critica
0.060 105 6506 005 _12.4 temperature (J= 300°C) in vacuum. Without thermal treat-
0.165 58 —335.7 014 —-11.6 ment of our sample and in the absence of a vacuum system
0.223 45 —257.7 020 —-115 in the gas flow cell of the QCM/HCC, it was impossible to
0.268 38 —2130 023 -11.2 remove all of the absorbed hydrogen. Therefore, the exact
0.306 36 —207.4 027 —-115 hvd tent of th ladium fil K W
0342 34 1892 030 _111 ydrogen content of the palladium film was not known. We
0.376 _44 176.7 083 8.0 could only estimate the range of the region of H/Pd ratio
0.332 —44 195.1 029 8.9 on the sorption isotherm based on the hydrogen partial pres-
0.288 —46 215.6 025 9.4 sure during the sorption/desorption cycles. For this reason,
0.242 —53 259.9 @1 9.8 the change in mass due to hydrogen sorption is presented as a
0-189 o4 335.0 oLy 105 nominal H/Pd mole ratio, uncorrected for the unknown initial
0.125 ~109 6355 0Ll 117 omina oleralio, uncorrectedforthe unkno a
0.016 0.01 hydrogen content of the film.

a Run 99-06-09-2, ref19]. Variations in the energetics and hydrogen uptake capacity

b Nominal H/Pd ratio, uncorrected for initial hydrogen content of the film;  Of palladium[30] have be?n attributed to several faCt0r§:_ the.
see text. degree of surface cleanliness, the presence of impurities in
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the palladium sample or hydrogen gas, sample pretreatmentjable 3
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annealing,crystallinityandthe number of defects in its lattice Some applications of quartz crystal microbalance/heat conduction

structure, and the geometry of the palladium sample: size and™22"mety

surface-to-volume ratio. Annealing of the palladium sample Field

Application

increases the reproducibility of the measured quantities for Coatings
hydrogen sorption experiments, but it also reduces the hy-
drogen uptake capacity of palladium, since a relatively large
quantity of hydrogen can reside in the defects in the lattice pgjymers
structure. One of the largest sources of scatter in the experi-
mental results of hydrogen sorption is variation of the surface
to volume ratio of palladium samples u4&8,42]. Three dif-
ferent types of sites exist where hydrogen sorption can take
place: sites at the surface of palladium, sites within the lattice
structure of bulk palladium and sites within defects in the lat- Pproteins
tice structure, and each site exhibits different energetics for
hydrogen sorption.

Our purpose in these measurements was not to make a
careful, definitive determination of enthalpies of hydride for-
mation in palladium, given the enormous literature on the
subject. It was to show that quartz crystal microbalance/heat
conduction calorimetry is a useful technique for studying Self-assembled monolayers
the thermodynamics of gas sorption in solid thin film. Be- H .

. . eterogeneous catalysis

cause the gas sorption process may change the materials
characteristics of the film, the ability to do both gravimet-
ric and calorimetric measurements on same sub-milligram Microbiology
sample with this measurement technology is a significant
advantage.

Molecular solids

Water uptake and softening of
pharmaceutical film coat materigi5]

Solubility and solvent uptake igdC
fullerene filmg[45]

Thermodynamic and rheological
property changes (plasticization) of
polymer films upon sorption of solvents;
sorption enthalpies, partition
coefficients, and changes in shear and
loss modulus; diffusion coefficients of
volatile components in polymef8,19]

Water sorption isotherms and hydration
enthalpies of lysozymg28]. Phase
transitions due to change of hydration
levels of phosphate buffers in
myoglobin/buffer filmg46]. Label-free
detection of the binding of the
anticoagulant drug warfarin to a thin film
of human serum albumgn7]

Energetics of formation of
self-assembled monolay€g#s19]

Reaction rate and mass build-up on a
platinum catalyst during the
hydrogenation of ethylend8]
Detection of the early stages of bacterial
growth on a nutrient medium by
monitoring simultaneously the mass
change and the metabolic heat evolution
[47]

11. Other modes of operation

the reaction and its catalyst turnover frequency, or hetero-

11.1. Gas sorption by thin films

geneous rate constant. But the mass change at the surface

) . cannot be predicted from the reaction stoichiometry; it must
The data presented above are for sorption of hydrogen iny,e measured. Often in catalytic reactions of hydrocarbons

pallad|um.. The Q(?M/HCC has.been use'd to measure ther'there is a build-up of carbonaceous material at the surface,
modynamic and kinetic properties associated Wlth sorption tarmed catalytic fouling; in this case, the surface mass in-
fora number of other systems, ahable 3summarizes these  creases with time. But in other cases the reactive species are
studies with their associated references. adsorbed layers pre-existing on the catalyst, which are de-
pleted by the reaction, producing a mass decrease. Because
of the sub-monolayer sensitivity of the QCM, the QCM/HCC

is well-suited to monitoring catalytic process&able 3gives

an example of such a study.

11.2. Mass change and heat flow at the surface of
heterogeneous catalysts

For a bimolecular reaction

A(Q)+ B(g) — [absorbed intermediates}> products (26) 11.3. Growth of microorganisms

catalysed at a solid surface, there is no simple relationship 5 jiying systems generate metabolic heat at various rates
between heat flow and mass change as in(E2) for gas during their life cycle. Biological microcalorimetry has been

sorption. The thermal powéor rate of heat liberation at the extensively used to monitor growth in bactef48]. Bacte-
catalytic surface is related to the heterogeneous reaction rat€- often show a proclivity to grow at surfaces .rather than

by, in bulk solution, forming biofilms in the proce$$]. The
QCM/HCC has been utilized to monitor the growthEes-
cherica colion a nutrient-containing agar surface applied as
whereAHyn is the enthalpy for the bimolecular reaction and a thin film on the QCM (sedable 3). Changes in all three
&isthe extent of reaction. Determining the variatiofafith properties—mass, heat flow, and motional resistance—are a
the concentrations of reagents A and B can give the order of measure of the growth process.

P = AHyndg/dr (27)
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11.4. Chemical reactions in surface films in contact with
agueous solutions

Reactions of soluble species with surface films are im-
portant in designing chemicf44] and biological[14] sen-

sors as well as in studying bioadhesion, biopolymers, and

lipid bilayers. QCM/HCC has been employed to measure

ligand—protein and protein—protein interactions at surfaces .
h[14] A. Janshoff, H.-J. Galla, C. Steinem, Angew. Chem. Int. Ed. 39

and to characterize a widely used two-step zero-lengt
crosslinking procedure involving esterification reactions at
surfacesTable 3contains the details and references.

12. Conclusions

The challenges in converting this new measurement tech

nology from a unique laboratory apparatus to an instrument

useable in a chemistry or materials science lab have bee
overcome with the introduction of the MasstAG1. Feed-
back and advice from early adopters of the technology will
be crucial in determining whether quartz crystal microbal-
ance/heat conduction calorimetry will become another usefu
tool for the surface scientist or thin film technologist.
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