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MASS AND HEAT FLOW MEASUREMENT 
SENSOR 

RELATED APPLICATION 

[0001] This application claims priority to US. Provisional 
Patent Application No. 60/067,239, ?led Dec. 2, 1997, and 
is a continuation of US. patent application Ser. No. 09/585, 
815, ?led May 26, 2000, Which is a continuation of US. 
patent application Ser. No. 09/203,940, ?led Dec. 2, 1998, 
now US. Pat. No. 6,106,149. 

FIELD OF THE INVENTION 

[0002] The present invention pertains generally to the ?eld 
of sensors for the measurement of changes in mass and heat 
?oW. More particularly, the present invention pertains to a 
combined microresonator mass sensor and heat ?oW sensor 
Which may provide simultaneous and continuous measure 
ment of the changes in mass and heat ?oW at a gas-solid 
interface. 

BACKGROUND OF THE INVENTION 

[0003] Although the pieZoelectric effect has been knoWn 
since the 19th century, the development of quartZ crystal 
devices Which oscillate at precisely de?ned resonant fre 
quencies and Which can be incorporated as passive elements 
into electronic instruments began in the 1920’s. Like much 
of our modem electronic technology, their development 
received a massive push during World War II, When over 30 
million quartZ crystal oscillators Were produced for use in 
military communications equipment. Today there is Wide 
spread use of quartZ crystal oscillators and of neWer types of 
microresonators in electronics Wherever precise control of 
frequency is needed as, for eXample, in radio frequency 
communications, in frequency meters and timepieces, in 
scienti?c instrumentation, and in computers and cellular 
telephones. 
[0004] There are several useful books Which describe the 
physics of quartZ crystal oscillators and other microresona 
tors and their use in electronic circuits. For eXample, Intro 
duction t0 Quartz Crystal Unit Design by Bottom, Van 
Nostrand Reinhold, NeW York, 1982, discusses the physical 
crystallography of quartZ, mechanic vibrations and stress/ 
strain relationships, the pieZoelectric effect, the equivalent 
circuit of the quartZ resonator and its use as a circuit 
component, the temperature stability of quartZ oscillators, 
and other topics of importance in the application of these 
devices. Science, Vol. 249, pages 1000-1007 (1990), by 
Ward et al., describes the converse pieZoelectric effect and 
its use in in-situ interfacial mass detection, such as in 
thickness monitors for thin-?lm preparation and in chemical 
sensors for trace gases. Analytical Chemistry, Vol. 65, pages 
940A-948A and 987A-996A (1993), by Grate et al., com 
pares the acoustical and electrical properties of ?ve acoustic 
Wave devices used as microsensors and transducers, includ 
ing quartZ crystal oscillators. 

[0005] Any crystalline solid can undergo mechanical 
vibrations With minimum energy input at a series of resonant 
frequencies, determined by the shape and siZe of the crystal 
and by its elastic constants. In quartZ, such vibrations can be 
induced by the application of a radio frequency voltage at 
the mechanical resonant frequency across electrodes 
attached to the crystal. This is termed the inverse pieZoelec 
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tric effect. The thickness shear mode is the most common 
mechanical vibration used in quartZ crystal oscillators. A 
typical commercially available quartZ crystal oscillator is a 
thin circular quartZ plate, cut from a single crystal at an angle 
of 37.25° With respect to the crystal’s Z aXis (the so-called 
“AT cut”). This angle is chosen so that the temperature 
coef?cient of the change in frequency is, to the ?rst approXi 
mation, Zero at 25° C., thus minimiZing the drift in resonant 
frequency With ambient temperature change. Aslight change 
in the cut angle produces crystals With Zero temperature 
coef?cients at elevated temperatures. The AT-cut plate has 
thin ?lm electrodes on most of the top and bottom surfaces 
of the crystal, and is supported in various Ways at its 
circumference or perimeter. Both the fundamental and the 
?rst feW overtones of the thickness shear mode have been 
utiliZed in crystal oscillators. A typical AT-cut quartZ disk 
pieZoid operating at a 10.8 MHZ fundamental has the 
folloWing dimensions, according to page 99 of the above 
mentioned reference by Bottom: 

diameter: 8.0 mm 

electrode diameter: 2.5 mm 
blank thickness: 0.154 mm 

[0006] The quality factor, Q, de?ned for any resonant 
circuit incorporating quartZ crystal oscillators is usually not 
less than 105 and may be as high as 107. With careful 
attention to the control of temperature in a vacuum envi 
ronment, a short-term frequency stability of one part in 1010 
can be obtained, although the stated short-term stability for 
commercial units is :3 ppm. 

[0007] The resonant frequency of a quartZ crystal oscilla 
tor is inversely proportional to the thickness, e, of the plate. 
For a circular disk, 

f=nK/e 
[0008] Where n=1, 3, 5, . . . and K is the frequency constant 
(for eXample, see page 134ff of the above-mentioned refer 
ence by Bottom). For an AT-cut disk, K=1664 kHZ'mm, so 
that a disk of a thickness of 1 mm Will oscillate at 1.664 
MHZ. If this thickness is increased by the deposition of 
material on the surface of the quartZ crystal oscillator, then 
its frequency Will decrease. 

[0009] In 1957, Sauerbrey in Z. Physik, Vol. 155, 206 
(1959), derived the fractional decrease in frequency Af of a 
circular disk quartZ crystal oscillator upon deposition of a 
mass, Am, of material on its surface. The derivation relies on 
the assumption that a deposited foreign material eXists 
entirely at the anti-node of the standing Wave propagating 
across the thickness of the quartZ crystal, so that the foreign 
deposit can be treated as an extension of the crystal, as, for 
eXample, described in Applications of Piezoelectric Quartz 
Crystal Microbalances by Lu et al., Elsevier, NeW York, 
1984. Sauerbrey’s result for the fundamental vibrational 
mode is as folloWs: 

[0010] Here, Ae is the change in the original thickness e0, 
A is the pieZoelectrically active area, p is the density of 
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quartz, and p is the shear modulus of quartz. By measuring 
the decrease in frequency, one thus can determine the mass 
of material deposited on the crystal. This is the principle of 
the quartZ crystal microbalance. In practice, the assumptions 
underlying the Sauerbrey equation are valid for deposits up 
to 10% of the crystal mass, although the sensitivity to mass 
has been shoWn experimentally to decrease from the center 
of the electrode to its edge. 

[0011] Torres et al. in J. Chem. Ed., Vol. 72, pages 67-70 
(1995), describe the use of a quartZ crystal microbalance to 
measure the mass effusing from Knudsen effusion cells at 
varying temperatures, in order to determine the enthalpies of 
sublimation. They reported a sensitivity of about 10-8 g/sec 
in the mass deposition rate. The application of the quartZ 
crystal microbalance and other microresonators in chemistry 
for the sensitive detection of gases adsorbed on solid absorb 
ing surfaces has been revieWed by Alder et al., in Analyst, 
Vol. 108, pages 1169-1189 (1983) and by McCallum in 
Analyst, Vol. 114, pages 1173-1189 (1989). The quartZ 
crystal microbalance principle has been applied to the devel 
opment of thickness monitors in the production of thin ?lms 
by vacuum evaporation, as, for example, described in the 
above-mentioned reference by Lu et al. QuartZ crystal 
oscillators of various siZes and modes of vibration are 
commonly used currently in research efforts in sensor devel 
opment. 

[0012] Throughout this application, various publications 
and patents are referred to by an identifying citation. The 
disclosures of the publications and patents referenced in this 
application are hereby incorporated by reference into the 
present disclosure to more fully describe the state of the art 
to Which this invention pertains. 

[0013] Us. Pat. No. 5,339,051 to Koehler et al. describes 
resonator-oscillators for use as sensors in a variety of 
applications. US. Pat. No. 4,596,697 to Ballato and US. 
Pat. No. 5,151,110 to Bein et al. describe coated resonators 
for use as chemical sensors. 

[0014] To overcome the in?uences of temperature changes 
on the microresonators, US. Pat. No. 4,561,286 to Sekler et 
al. and US. Pat. No. 5,476,002 to BoWer et al. describe 
active temperature control or the use of temperature sensors 
With the microresonators. US. Pat. No. 5,686,779 to Vig 
describes a microresonator for direct use as a thermal sensor. 

[0015] Microresonators, including quartZ crystal 
microbalances (QCM’s), have been utiliZed to determine the 
mass changes With a variety of liquid samples such as, for 
example, described in Us. Pat. No. 4,788,466 to Paul et al. 
When the microresonator is coated, chemicals present in the 
liquid samples may be detected as, for example, described in 
US. Pat. No. 5,306,644 to MyerholtZ et al. 

[0016] Microresonators have been adapted to measure the 
viscosity of a liquid sample as, for example, described in 
US. Pat. No. 4,741,200 to Hammerle. U.S. Pat. No. 5,201, 
215 to Granstaff et al. describes the use of microresonators 
to measure the mass of a solid and physical properties of a 
?uid in a sample. 

[0017] Calorimeters for various types of heat measure 
ments are Well knoWn as, for example, described in US. Pat. 
No. 4,492,480 to Wadso et al.; US. Pat. No. 5,295,745 to 
Cassettari et al.; and Us. Pat. No. 5,312,587 to Templer et 
al. A combined scienti?c apparatus of a thermal analyZer, 
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such as a calorimeter, and an X-ray diffractometer for 
observing simultaneously both thermodynamic and struc 
tural properties of materials is described in Us. Pat. No. 
4,821,303 to FaWcett et al. 

[0018] Despite the various approaches proposed for the 
design of sensors based on microresonators as the sampling 
device, there remains a need for sensors Which can simul 
taneously and continuously measure With high sensitivity 
and accuracy both mass and heat ?oW changes of a sample 
in contact With the microresonator. 

SUMMARY OF THE INVENTION 

[0019] One aspect of the present invention pertains to a 
neW scienti?c instrument or device based on the combina 

tion of a microresonator, such as, for example, a quartZ 
crystal microbalance (QCM), Which may be used to measure 
very small changes of mass at its surface; and, (ii) a heat 
?oW sensor, such as, for example, an isothermal heat con 
duction calorimeter (HCC), Which may be used to measure 
small heat ?oWs. In one embodiment, the microresonator 
and heat ?oW sensor combination measures simultaneously 
and continuously, With high sensitivity (nanogram in mass, 
sub-microWatt in heat ?oW), the changes in mass and heat 
?oW at a small gas-solid interface, for example, about 1 cm2 
or less in area, due to a chemical process such as evaporation 
or condensation, adsorption or desorption, or gas-surface 
reactions. The neW scienti?c device of the present invention 
may be advantageously utiliZed in a variety of applications 
such as, for example, studying the hydration and dehydra 
tion of ?lms of proteins and other biomolecules deposited on 
solid substrates, particularly for ?lms utiliZed in biosensors, 
diagnostic immunoassays, the separation of proteins by 
chromatography, and as models for biological and biocom 
patible membranes and surfaces; studying the energetics of 
intermolecular interactions at the surface of polymer ?lms 
and other organic surfaces important in adhesion, lubrica 
tion, Wetting, and corrosion; and studying the energetics of 
the drying and curing of both Water-based and organic 
solvent-based paints and ?nishes. 

[0020] One aspect of the present invention pertains to a 
mass and heat ?oW measurement sensor comprising a 
microresonator comprising a pieZoelectric substrate having 
a perimeter, a ?rst face for directly contacting a sample, and 
a second opposite face isolated from contacting the sample, 
the pieZoelectric substrate having a resonant frequency and 
capable of producing a measurement signal based on the 
resonant frequency; (ii) a heat ?oW sensor coupled thermally 
to the pieZoelectric substrate of the microresonator; and, (iii) 
a heat sink coupled thermally to the heat ?oW sensor. In one 
embodiment, the microresonator has the capability to mea 
sure the mass of the sample applied to the ?rst face, and the 
heat ?oW sensor has the capability to measure the How of 
heat from the sample on the ?rst face of the microresonator 
to the heat sink. 

[0021] Suitable microresonators for the sensors of this 
invention include, but are not limited to, bulk acoustic Wave 
sensors, quartZ crystal microbalances, surface acoustic Wave 
sensors, ?exural plate Wave sensors, and acoustic plate mode 
sensors. In a preferred embodiment, the microresonator is a 
quartZ crystal microbalance. 

[0022] Another aspect of the present invention pertains to 
a mass and heat ?oW measurement sensor comprising a 
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microresonator comprising a piezoelectric substrate having 
a perimeter, a ?rst face for directly contacting a sample, and 
a second opposite face isolated from contacting the sample; 
(ii) electrodes deposited on the ?rst and second opposite 
faces of the pieZoelectric substrate, the electrodes being 
capable of supplying electrical signals to and from the 
pieZoelectric substrate; (iii) a heat ?oW sensor; (iv) a heat 
conductive material extending in a continuous fashion from 
the perimeter of the pieZoelectric substrate to a ?rst surface 
of the heat ?oW sensor, Wherein the heat conductive material 
is not in contact With an acoustically active region of the 
second opposite face; and, (v) a heat sink material in contact 
to a second surface of the heat ?oW sensor, Which second 
surface is not in direct contact With the heat conductive 
material. In one embodiment, the microresonator has the 
capability to measure the mass of the sample applied to the 
?rst face, and the heat ?oW sensor has the capability to 
measure the How of heat from the sample on the ?rst face of 
the microresonator to the heat sink. In a preferred embodi 
ment, the heat ?oW sensor comprises a thermopile. 

[0023] In one embodiment of the sensors of this invention, 
the pieZoelectric substrate is a heat conductive material. In 
one embodiment, the pieZoelectric substrate is a quartZ 
crystal, and, preferably, the pieZoelectric substrate is an 
AT-cut quartZ crystal. 

[0024] In one embodiment of the sensors of the present 
invention, the heat conductive material provides a path for 
the application of radio-frequency poWer to the pieZoelectric 
substrate. In one embodiment, the heat conductive material 
comprises a metallic cylinder With a surface in contact to the 
?rst surface of the heat ?oW sensor. In one embodiment, the 
heat conductive material is brass. 

[0025] One aspect of the present invention pertains to a 
mass and heat ?oW measurement sensor comprising a 
quartZ crystal microbalance capable of measuring the mass 
of a sample in contact With the quartZ crystal microbalance; 
(ii) a heat ?oW sensor coupled thermally to the quartZ crystal 
microbalance and capable of measuring the How of heat 
from the sample to a heat sink; and, (iii) a heat sink coupled 
thermally to the heat ?oW sensor. In one embodiment, the 
quartZ crystal microbalance comprises a quartZ substrate 
having a perimeter, a ?rst face for directly contacting the 
sample, and a second opposite face isolated from contacting 
the sample, the quartZ substrate having a resonant frequency 
and capable of producing a measurement signal based on the 
resonant frequency. In one embodiment, the mass and heat 
?oW measurement sensor further comprises electrodes 
deposited on the ?rst and second opposite faces of the quartZ 
substrate, the electrodes being capable of supplying electri 
cal signals to and from the quartZ substrate. In one embodi 
ment, a heat conductive material extends in a continuous 
fashion from the perimeter of the quartZ substrate to a ?rst 
surface of the heat ?oW sensor, Wherein the heat conductive 
material is not in contact With an acoustically active region 
of the second opposite face. In a preferred embodiment, the 
heat ?oW sensor comprises a thermopile. In one embodi 
ment, the heat sink material is in contact to a second surface 
of the heat ?oW sensor, Which second surface is not in direct 
contact With the heat conductive material. In a preferred 
embodiment, the quartZ substrate is an AT-cut quartZ crystal. 
In one embodiment, the heat conductive material provides a 
path for the application of radio-frequency poWer to the 
quartZ substrate. In one embodiment, the heat conductive 
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material comprises a metallic cylinder With a surface in 
contact to the ?rst surface of the heat ?oW sensor. In one 
embodiment, the heat conductive material is brass. 

[0026] Another aspect of the present invention relates to 
methods for measuring the mass of a sample and the How of 
heat from the sample to a heat sink, Which methods comprise 
the steps of: providing a microresonator, as described 
herein; (ii) providing a heat ?oW sensor coupled thermally to 
the pieZoelectric substrate of the microresonator; (iii) pro 
viding a heat sink coupled thermally to the heat ?oW sensor; 
and, (iv) measuring the changes in mass of the sample and 
the How of heat from the sample to the heat sink for the 
sample disposed on the ?rst face of the pieZoelectric sub 
strate. 

[0027] Still another aspect of the present invention relates 
to methods for measuring the mass of a sample and the How 
of heat from the sample to a heat sink, Which methods 
comprise the steps of: providing a microresonator, as 
described herein, (ii) providing electrodes deposited on the 
?rst and second opposite faces of the pieZoelectric substrate, 
the electrodes being capable of supplying electrical signals 
to and from the pieZoelectric substrate; (iii) providing a heat 
?oW sensor, as described herein; (iv) providing a heat 
conductive material extending in a continuous fashion from 
the perimeter of the pieZoelectric substrate to a ?rst surface 
of the heat ?oW sensor, Wherein the heat conductive material 
is not in contact With an acoustically active region of the 
second opposite face; (v) providing a heat sink material in 
contact to a second surface of the heat ?oW sensor, Which 
second surface is not in direct contact With the heat con 
ductive material; and, (vi) measuring the changes in mass of 
the sample and the How of heat from the sample to the heat 
sink for the sample disposed on the ?rst face of the pieZo 
electric substrate. In one embodiment, the microresonator 
has the capability to measure the mass of the sample applied 
to the ?rst face, and the heat ?oW sensor has the capability 
to measure the How of heat from the sample on the ?rst face 
of the microresonator to the heat sink. 

[0028] Yet another aspect of the present invention relates 
to methods for measuring the mass of a sample and the How 
of heat from the sample to a heat sink, Which methods 
comprise the steps of: providing a quartZ crystal 
microbalance capable of measuring the mass of the sample 
in contact With the quartZ crystal microbalance; (ii) provid 
ing a heat ?oW sensor coupled thermally to the quartZ crystal 
microbalance and capable of measuring the How of heat 
from the sample to a heat sink; (iii) providing a heat sink 
coupled thermally to the heat ?oW sensor; and, (iv) mea 
suring the changes in mass of the sample and the How of heat 
from the sample to the heat sink for the sample disposed on 
the quartZ crystal microbalance. In one embodiment of the 
methods, the quartZ crystal microbalance comprises a quartZ 
substrate having a perimeter, a ?rst face for directly con 
tacting the sample, and a second opposite face isolated from 
contacting the sample, the quartZ substrate having a resonant 
frequency and capable of producing a measurement signal 
based on the resonant frequency. In one embodiment, the 
methods further comprise providing electrodes deposited on 
the ?rst and second opposite faces of the quartZ substrate, 
the electrodes being capable of supplying electrical signals 
to and from the quartZ substrate. In one embodiment, the 
methods further comprise providing a heat conductive mate 
rial extending in a continuous fashion from the perimeter of 
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the quartz substrate to a ?rst surface of the heat ?oW sensor, 
Wherein the heat conductive material is not in contact With 
an acoustically active region of the second opposite face. In 
a preferred embodiment, the heat ?oW sensor comprises a 
thermopile. In one embodiment, the heat sink material is in 
contact to a second surface of the heat ?oW sensor, Which 
second surface is not in direct contact With the heat con 
ductive material. In a preferred embodiment, the quartZ 
substrate is an AT-cut quartZ crystal. In one embodiment, the 
heat conductive material provides a path for the application 
of radio-frequency poWer to the quartZ substrate. In one 
embodiment, the heat conductive material comprises a 
metallic cylinder With a surface in contact to the ?rst surface 
of the heat ?oW sensor. In one embodiment, the heat 
conductive material is brass. 

[0029] As one skilled in the art Will appreciate, features of 
one embodiment and aspect of the invention are applicable 
to other embodiments and aspects of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] The foregoing summary, as Well as the folloWing 
detailed description of embodiments of the invention, Will 
be better understood When read in conjunction With the 
appended draWings. For the purpose of illustrating the 
invention, particular arrangements and methodologies are 
shoWn in the draWings. It should be understood, hoWever, 
that the invention is not limited to the precise arrangements 
shoWn or to the methodologies of the detailed description. 

[0031] FIG. 1 illustrates the contrast betWeen the func 
tionality of an adiabatic calorimeter versus a heat conduction 
calorimeter. 

[0032] FIG. 2 shoWs the basic equations for heat conduc 
tion calorimetry. 

[0033] FIG. 3 shoWs a schematic representation of a 
typical thermoelectric thermopile module. 

[0034] FIG. 4 shoWs a schematic representation of a 
quartZ crystal microbalance and heat ?oW sensor combina 
tion in accordance With one embodiment of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0035] The microresonator and heat ?oW sensor combi 
nation of the present invention provides a neW method in 
thermal analysis and calorimetry. This neW method provides 
the capability of measuring the change in heat How and mass 
at a gas-solid interface as the compositions of both the gas 
phase and the solid surface change. In thermodynamic 
terms, the microresonator and heat ?oW combination is 
capable of measuring directly the partial molal enthalpy of 
a volatile component, i, of a ?lm on a surface, as the other 
non-volatile components and the temperature (T) and pres 
sure (P) are held constant: 

H1=(3H)/ 31401112111‘ 
[0036] Where j is the number of moles of the total com 
ponents 

[0037] The contrast betWeen adiabatic calorimetry and 
heat conduction calorimetry is illustrated in FIG. 1. For 
adiabatic calorimetery, the temperature (T) vs. time is mea 
sured in an adiabatic vessel of knoWn heat capacity (C) to 
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provide the heat For heat conduction calorimetry, the 
thermal poWer vs. time (t) is measured in a vessel in Which 
the heat (Q) generated by the chemical process ?oWs 
through a heat ?oW sensor. The basic equations for heat 
conduction calorimetry or “Calvet calorimetry” are shoWn in 
FIG. 2, Where P is the thermal poWer in Watts, S is the 
thermopile sensitivity in volts/Watt, U is the thermopile 
voltage in volts, and "c is the time constant of the calorimeter 
in seconds. At steady state, U=SP. The time constant is 
determined by C/G, Where C is the heat capacity of the 
reaction vessel and G is the thermal conductance of the 
thermopile. The sensing element in a heat ?oW sensor is 
typically a thermopile, or thermoelectric, module. Examples 
of these thermopile modules are manufactured by Melcor, 
Inc., of Trenton, N.J., and are Widely used as thermoelectric 
heat pumps in computers and other electronics. FIG. 3 
shoWs some design details of a typical thermoelectric ther 
mopile, as, for eXample, those made by Melcor, Inc. The top 
layer 1 of the assembly is a cold junction Where heat is 
absorbed. The electrical insulator layer 2 and electrical 
conductor layer 3 are on both sides of bismuth telluride 
elements 4 With “N” and “P” type properties. The bottom 
layer 5 of the assembly is a hot junction Where heat is 
rejected. The elements are electrically connected in series 
through a direct current (dc) source and are thermally in 
parallel. In practical use, couples are combined in a module 
Where they are connected electrically in series, and ther 
mally in parallel. Normally a module is the smallest com 
ponent commercially available. Modules are available in a 
great variety of siZes, shapes, operating currents, operating 
voltages, and ranges of heat pumping capacity. 

[0038] Mass and Heat FloW Measurement Sensors 

[0039] A schematic diagram of one aspect of the 
microresonator and heat ?oW sensor combination of the 
present invention is shoWn in FIG. 4. As illustrated in FIG. 
4, a circular disk, (a), of an AT-cut quartZ crystal of diameter, 
Dq, and thickness, W, is mounted With its circumferential 
edge or perimeter in good thermal contact to a metallic 
cylinder 6 With a bottom plate 7. The disk has electrodes (b) 
of diameter, De, deposited on both faces. The bottom plate 
is in contact to a thermopile (c), Which is in turn in contact 
to a heat sink (d), for example, the bottom of a can Which is 
thermostated in a constant temperature bath. Thus, the heat 
?oW sensor comprising the thermopile is coupled thermally 
to the microresonator, and the heat sink is coupled thermally 
to the heat ?oW sensor. On the top surface or ?rst face of the 
quartZ crystal oscillator With electrode is deposited a sample 
8 in a circular area of diameter, d. It is this sample Which Will 
produce a heat ?oW rate, 4) (Watts), When, for eXample, 
subliming, adsorbing, desorbing, or reacting at a rate of 
dn/dt moles per second, Where the symbol, AHSub, is used to 
represent the molar enthalpy change of any of the processes 
mentioned above and ¢=AHSubdn/dt. For eXample, a typical 
sublimation enthalpy of 50 kJ mol_1, combined With a heat 
?oW rate of 100 nW typical of the baseline noise in a good 
heat conduction microcalorimeter, corresponds to a subli 
mation rate, dn/dt, of 5.0><10_12 mole sec-1. For a substance 
of molar mass of 200 g mol_1, this corresponds to a mass 
loss of 1.0 ng sec-1. The NanoWatt Ampli?er available from 
Thermometric AB in SWeden, as described in T hermometric 
Calorimeter News, February 1997, page 3, With a noise level 
for an empty ampoule heat conduction calorimeter of 2 nW, 
Will increase this sensitivity by a factor of 50, or to 1.0><10_3 
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mole sec“1 (20 pg sec_1). The bottom surface or opposite 
face of the quartz crystal With electrodes is isolated from 
contacting the sample. 

[0040] One aspect of the present invention pertains to a 
mass and heat ?oW measurement sensor comprising a 

microresonator comprising a pieZoelectric substrate having 
a perimeter, a ?rst face for directly contacting a sample, and 
a second opposite face isolated from contacting the sample, 
the pieZoelectric substrate having a resonant frequency and 
capable of producing a measurement signal based on the 
resonant frequency; (ii) a heat ?oW sensor coupled thermally 
to the pieZoelectric substrate of the microresonator; and, (iii) 
a heat sink coupled thermally to the heat ?oW sensor. In one 
embodiment, the microresonator has the capability to mea 
sure the mass of the sample applied to the ?rst face, and the 
heat ?oW sensor has the capability to measure the How of 
heat from the sample on the ?rst face of the microresonator 
to the heat sink. 

[0041] A Wide variety of microresonators may be utiliZed 
in the mass and heat ?oW measurement sensors of the 
present invention as, for example, the microresonators 
described in the afore-mentioned references by Grate et al., 
Alder et al., McCullen, and Lu et al. Suitable microresona 
tors for the sensors of this invention include, but are not 
limited to, bulk acoustic Wave sensors, quartZ crystal 
microbalances, surface acoustic Wave sensors, ?exural plate 
Wave sensors, and acoustic plate mode sensors. In a pre 
ferred embodiment, the microresonator is a quartZ crystal 
microbalance. A Wide variety of heat ?ow sensors may be 
utiliZed in the mass and heat ?oW measurement sensors of 
the present invention, such as, for example, the isothermal 
heat conduction calorimeters described in Chemical Society 
Reviews, Volume 1997, pages 79-86 (1997) by Wadso and 
references therein. 

[0042] A key requirement in the microresonator and heat 
?oW sensor combination of the present invention is to 
provide a path of high thermal conductivity from the pieZo 
electric crystal surface to the heat ?oW sensor. OtherWise, at 
high heat ?oW rates, the central portion of the pieZoelectric 
crystal surface may heat up, thus producing temperature 
gradients Within the crystal and accompanying shifts in 
resonant frequency. There must be good thermal contact 
betWeen the pieZoelectric crystal and the mounting of the 
thermally conductive material, so the details of mechanical 
support are important. In Chapter 10 of the above-mentioned 
reference by Bottom, it is shoWn that the quartZ betWeen the 
tWo circular deposited electrodes is the region undergoing 
transverse shear Waves, and that the surrounding bare quartZ 
annulus serves to damp higher acoustic modes. To the ?rst 
approximation, the annulus functions as an acoustical node. 
It is therefore available to mount the crystal and make a path 
of high thermal conductivity betWeen the pieZoelectric sub 
strate and the heat ?oW sensor Without affecting the high 
quality factor, Q, of acoustical vibrations at resonance. FIG. 
4 shoWs one possible mounting arrangement of the 
microresonator and heat ?oW sensor combination of the 
present invention. The heat conductive material providing 
the high thermal conductivity betWeen the pieZoelectric 
substrate and the heat ?oW sensor is not in contact With the 
acoustically active region undergoing transverse shear 
Waves, including the acoustically active region on the oppo 
site face of the pieZoelectric crystal. 
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[0043] It is possible to estimate the temperature gradient in 
the quartZ betWeen the tWo electrodes under operating 
conditions for a microresonator comprising a quartZ crystal. 
The radial temperature distribution, T(r), in a disk of diam 
eter, De, and thickness, c, connected to a heat sink of 
temperature, T0, at its edge and uniformly heated on its 
surface With an input poWer per unit area, P, has been 
derived by Ginnings et al., in “Principles of Calorimetric 
Design” in Experimental Thermodynamics: Calorimetry of 
Non-Reacting Systems, Vol. 1, edited by McCullough et al., 
ButterWorth, London, 1968, as folloWs: 

[0044] Where 9» is the thermal conductivity of the disk 
material. Thermal conductivity in quartZ is anisotropic. For 
heat ?oW along the C-axis (the optical axis), >\.=11.1 
WK_1m_1, Whereas for a perpendicular axis, >\,=5.88 
WK_1m_1. To estimate temperature gradients, We take the 
mean, >\.=8.5 WK_1m_1, and use the dimensions given above 
(De=0.0025 m, e=0.000154 m, or electrode area=4.91><10_6 
m2). Assuming a heat How of 100 pW, or 103 times the noise 
level of the microcalorimeter, the temperature difference 
betWeen the center of the disk and the edge of the electrode 
(r=De) is only 6x10‘3 K, independent of disk diameter. This 
is much too small to create spurious effects due to the 
dependence of quartZ resonant frequency on temperature. 
Thus, for example, quartZ is an adequate thermal conductor 
to function in the microresonator and heat ?oW sensor 
combination of the present invention. 

[0045] Another aspect of the present invention pertains to 
a mass and heat ?oW measurement sensor comprising a 

microresonator comprising a pieZoelectric substrate having 
a perimeter, a ?rst face for directly contacting a sample, and 
a second opposite face isolated from contacting the sample; 
(ii) electrodes deposited on the ?rst and second opposite 
faces of the pieZoelectric substrate, the electrodes being 
capable of supplying electrical signals to and from the 
pieZoelectric substrate; (iii) a heat ?oW sensor; (iv) a heat 
conductive material extending in a continuous fashion from 
the perimeter of the pieZoelectric substrate to a ?rst surface 
of the heat ?oW sensor, Wherein the heat conductive material 
is not in contact With an acoustically active region of the 
second opposite face; and, (v) a heat sink material in contact 
to a second surface of the heat ?oW sensor, Which second 
surface is not in direct contact With the heat conductive 
material. In one embodiment, the microresonator has the 
capability to measure the mass of the sample applied to the 
?rst face, and the heat ?oW sensor has the capability to 
measure the How of heat from the sample on the ?rst face of 
the microresonator to the heat sink. In a preferred embodi 
ment, the heat ?oW sensor comprises a thermopile. 

[0046] In one embodiment of the sensors of this invention, 
the pieZoelectric substrate is a heat conductive material. In 
one embodiment, the pieZoelectric substrate is a quartZ 
crystal, and, preferably, the pieZoelectric substrate is an 
AT-cut quartZ crystal. 

[0047] In one embodiment of the sensors of the present 
invention, the heat conductive material provides a path for 
the application of radio-frequency poWer to the pieZoelectric 
substrate. In one embodiment, the heat conductive material 
comprises a metallic cylinder With a surface in contact to the 
?rst surface of the heat ?oW sensor. In one embodiment, the 
heat conductive material is brass. 
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[0048] For the embodiment shown in FIG. 4, the “reaction 
vessel” of the microresonator and heat ?oW sensor of this 
invention has a small heat capacity and thus a short time 
constant, as, for example, described in J. Biochemical and 
Biophysical Methods, Vol. 28, pages 85-100 (1994), by 
Backman et al. This short time constant may perhaps be as 
short as a feW seconds. This makes less demands on the 
long-term stability of both the microresonator and the heat 
?oW sensor and the temperature stability of the heat sink. 
The short time constant Will also be useful in following the 
kinetics of adsorption or desorption of materials. The oper 
ating frequency of the microresonator should be high 
enough to assure good counting statistics in the frequency 
measurement, but high frequencies imply thin quartZ crys 
tals and a corresponding fragility and a decrease in thermal 
conductivity. The Width, W, of the microresonator is a design 
parameter to be determined by optimiZing these con?icting 
requirements. 
[0049] As shoWn in FIG. 4, one embodiment of the 
microresonator and heat ?oW sensor of the present invention 
is a single device incorporating one microresonator, such as 
a quartZ crystal microbalance, and one heat ?oW sensor 
comprising a thermopile for mass and heat ?oW measure 
ments. Calibration of the heat ?oW thermopile is accom 
plished, for example, by shining a 1.0 milliWatt He—Ne 
laser onto the microresonator of the microresonator and heat 
?oW sensor combination and measuring the resulting heat 
?oW sensor voltage. When 5.0 MHZ of radio-frequency (rf) 
poWer is supplied to the pieZoelectric quartZ crystal of the 
microresonator, the heat generated can be detected by the 
heat ?oW sensor. 

[0050] As illustrated in one embodiment in FIG. 4, one 
aspect of the present invention pertains to a mass and heat 
?oW measurement sensor comprising a quartZ crystal 
microbalance capable of measuring the mass of a sample in 
contact With the quartZ crystal microbalance; (ii) a heat ?oW 
sensor coupled thermally to the quartZ crystal microbalance 
and capable of measuring the How of heat from the sample 
to a heat sink; and, (iii) a heat sink coupled thermally to the 
heat ?oW sensor. In one embodiment, the quartZ crystal 
microbalance comprises a quartZ substrate having a perim 
eter, a ?rst face for directly contacting the sample, and a 
second opposite face isolated from contacting the sample, 
the quartZ substrate having a resonant frequency and capable 
of producing a measurement signal based on the resonant 
frequency. In one embodiment, the mass and heat ?oW 
measurement sensor further comprises electrodes deposited 
on the ?rst and second opposite faces of the quartZ substrate, 
the electrodes being capable of supplying electrical signals 
to and from the quartZ substrate. In one embodiment, a heat 
conductive material extends in a continuous fashion from 
the perimeter of the quartZ substrate to a ?rst surface of the 
heat ?oW sensor, Wherein the heat conductive material is not 
in contact With an acoustically active region of the second 
opposite face. In a preferred embodiment, the heat ?oW 
sensor comprises a thermopile. In one embodiment, the heat 
sink material is in contact to a second surface of the heat 
?oW sensor, Which second surface is not in direct contact 
With the heat conductive material. In a preferred embodi 
ment, the quartZ substrate is an AT-cut quartZ crystal. In one 
embodiment, the heat conductive material provides a path 
for the application of radio-frequency poWer to the quartZ 
substrate. In one embodiment, the heat conductive material 
comprises a metallic cylinder With a surface in contact to the 
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?rst surface of the heat ?oW sensor. In one embodiment, the 
heat conductive material is brass. 

[0051] The expected detection limits of the heat How and 
mass change measurements of the microresonator and heat 
?oW sensor combination may be estimated. For a microreso 
nator, such as a quartZ crystal microbalance, the frequency 
shift, 61), is related to the mass change per unit area, 6m, 
deposited on the microresonator surface by the Sauerbrey 
equation, Which for the embodiment of a quartZ crystal 
microbalance shoWn in FIG. 4, can be expressed as: 

[0052] Where the frequency shift is in HZ and the mass 
change is in micrograms/cm2. Since the observed short-term 
stability of the quartZ crystal microbalance is about :1 HZ in 
its present con?guration, the mass detection limit is pres 
ently about 18 ng/cm2. With better counting electronics, this 
limit could be reduced by at least an order of magnitude. The 
sensitivity of the heat ?oW sensor is about 0.3 V/W, so the 
observed rms noise in the heat ?oW sensor output channel of 
:1 microvolt corresponds to a heat conduction detection 
limit of 3 microWatts. 

[0053] Methods for Measuring Mass and Heat FloW of 
Samples 

[0054] One aspect of the present invention relates to 
methods for measuring the mass of a sample and the How of 
heat from the sample to a heat sink, Which methods comprise 
the steps of: providing a microresonator, as described 
herein; (ii) providing a heat ?oW sensor coupled thermally to 
the pieZoelectric substrate of the microresonator; (iii) pro 
viding a heat sink coupled thermally to the heat ?oW sensor; 
and, (iv) measuring the changes in mass of the sample and 
the How of heat from the sample to the heat sink for the 
sample disposed on the ?rst face of the pieZoelectric sub 
strate. 

[0055] As described herein, in the sensors and methods of 
the present invention, the change in mass of the sample is 
measured by a change in the frequency of the pieZoelectric 
substrate of the microresonator, and the change in the How 
of heat from the sample to the heat sink is typically mea 
sured by a change in the voltage output of the heat ?oW 
sensor. Suitable electrical circuitry and data collection and 
correlation equipment and methods for these measurements 
include, but are not limited to, those described for 
microresonators in the afore-mentioned references by Grate 
et al., Alder et al., McCallum, and Lu et al., and for heat ?oW 
sensors in the afore-mentioned revieW article by Wadso; and 
references therein. 

[0056] Another aspect of the present invention relates to 
methods for measuring the mass of a sample and the How of 
heat from the sample to a heat sink, Which methods comprise 
the steps of: providing a microresonator, as described 
herein, (ii) providing electrodes deposited on the ?rst and 
second opposite faces of the pieZoelectric substrate, the 
electrodes being capable of supplying electrical signals to 
and from the pieZoelectric substrate; (iii) providing a heat 
?oW sensor, as described herein; (iv) providing a heat 
conductive material extending in a continuous fashion from 
the perimeter of the pieZoelectric substrate to a ?rst surface 
of the heat ?oW sensor, Wherein the heat conductive material 
is not in contact With an acoustically active region of the 
second opposite face; (v) providing a heat sink material in 
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contact to a second surface of the heat ?oW sensor, Which 
second surface is not in direct contact With the heat con 
ductive material; and, (vi) measuring the changes in mass 
and the How of heat from the sample to the heat sink for the 
sample disposed on the ?rst face of the pieZoelectric sub 
strate. In one embodiment, the microresonator has the capa 
bility to measure the mass of the sample applied to the ?rst 
face, and the heat ?oW sensor has the capability to measure 
the How of heat from the sample on the ?rst face of the 
microresonator to the heat sink. 

[0057] As illustrated in one embodiment in FIG. 4, yet 
another aspect of the present invention relates to methods for 
measuring the mass of a sample and the How of heat from 
the sample to a heat sink, Which methods comprise the steps 
of: providing a quartZ crystal microbalance capable of 
measuring the mass of the sample in contact With the quartZ 
crystal microbalance; (ii) providing a heat ?oW sensor 
coupled thermally to the quartZ crystal microbalance and 
capable of measuring the How of heat from the sample to a 
heat sink; (iii) providing a heat sink coupled thermally to the 
heat ?oW sensor; and, (iv) measuring the changes in mass of 
the sample and the How of heat from the sample to the heat 
sink for the sample disposed on the quartZ crystal microbal 
ance. In one embodiment of the methods, the quartZ crystal 
microbalance comprises a quartZ substrate having a perim 
eter, a ?rst face for directly contacting the sample, and a 
second opposite face isolated from contacting the sample, 
the quartZ substrate having a resonant frequency and capable 
of producing a measurement signal based on the resonant 
frequency. In one embodiment, the methods further com 
prise providing electrodes deposited on the ?rst and second 
opposite faces of the quartZ substrate, the electrodes being 
capable of supplying electrical signals to and from the quartZ 
substrate. In one embodiment, the methods further comprise 
providing a heat conductive material extending in a con 
tinuous fashion from the perimeter of the quartZ substrate to 
a ?rst surface of the heat ?oW sensor, Wherein the heat 
conductive material is not in contact With an acoustically 
active region of the second opposite face. In a preferred 
embodiment, the heat ?oW sensor comprises a thermopile. In 
one embodiment, the heat sink material is in contact to a 
second surface of the heat ?oW sensor, Which second surface 
is not in direct contact With the heat conductive material. In 
a preferred embodiment, the quartZ substrate is an AT-cut 
quartZ crystal. In one embodiment, the heat conductive 
material provides a path for the application of radio-fre 
quency poWer to the quartZ substrate. In one embodiment, 
the heat conductive material comprises a metallic cylinder 
With a surface in contact to the ?rst surface of the heat ?oW 
sensor. In one embodiment, the heat conductive material is 
brass. 

[0058] Applications of the Microresonator and Heat FloW 
Sensor Combination to Measure Enthalpies of Sublimation 

[0059] In his revieW of trends in isothermal microcalo 
rimetry in Chemical Society Reviews, Volume 1997, pages 
79-86 (1997), Wadso; states: 

[0060] “There is a strong need for enthalpy of sub 
limation data for substances With very loW vapor 
pressures, for eXample in connection With investiga 
tions of biothermodynamic model systems. HoW 
ever, very little development Work and feW measure 
ments have been reported during the last feW decades 
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in vaporiZation/sublimation calorimetry. More 
advanced microcalorimetric techniques are much 
needed in this ?eld.” 

[0061] Isothermal heat conduction calorimetry has been 
used to measure AHSub for compounds With vapor pressures 
as loW as 10'6 torr, as, for eXample, described in Chemical 
Scripta, Vol. 1, pages 103-111 (1971) by MoraWetZ and in 
Thermochimica Acta, Vol. 115, pages 153-165 (1987) by 
Sabbah et al. Knudsen effusion methods, Which use the 
Clausius-Clapeyron equation to derive AHSub from the varia 
tion of vapor pressure With temperature, as, for eXample, 
described in J. Chem. Thermo., Vol. 27, pages 1261-1266 
(1995) by Torres et al, have been used on compounds With 
vapor pressures in the same range. Because many interesting 
organic and biological substances have room temperature 
vapors loWer than these limits, their enthalpies of sublima 
tion have not yet been measured. Yet for an accurate 
determination of the Gibbs free energy of formation, the heat 
of sublimation must be knoWn. The energetics of formation 
of such substances in the gas phase is of great importance in 
determining the chemical reactivity of the substance, and in 
comparing With quantum chemical calculations of the same 
quantity. 

[0062] The microresonator and heat ?oW sensor combi 
nation of the present invention can be used to measure 
sublimation enthalpies of quite non-volatile materials. The 
relationship betWeen the sublimation rate of a solid, o(moles 
m_2s_1), and its vapor pressure Was ?rst presented by 
Langmuir in Physical Review, Vol. 2, 329 (1913), as folloWs: 

[0063] Here, Peq is the equilibrium vapor pressure of the 
solid, M is its molar mass, R is the gas constant, and T is the 
absolute temperature. For the hypothetical solid described 
above, With a sublimation enthalpy of 50 kJ/mol and a molar 
mass of 200 g/mole, a surface area of 1 cm2 Will lose mass 
at the rate of 1.0 ng/sec if the vapor pressure of the solid is 
20x10‘8 torr. 

[0064] From the design perspective, it is helpful to use as 
large a diameter, D, for the microresonator as possible, since 
this permits a larger sample area (rcd2/4 as shoWn in FIG. 4) 
and thus a larger thermal signal. Of importance in evacuat 
ing the microresonator and heat ?oW sensor combination of 
the present invention is the nature of the pieZoelectric 
substrate-to-metal contact, such as quartZ-to-metal contact, 
(for example, o-ring, direct contact Without bonding, or a 
high-vacuum seal), since the underside of the quartZ crystal 
must not be subject to adsorbing vapors from the sample. 

[0065] Applications of the Microresonator and Heat FloW 
Sensor Combination to Energy-Sensitive Chemical Sensors 

[0066] There is a large and actively groWing literature on 
speci?c and sensitive chemical sensors based on surface 
coated microresonator, such as quartZ crystal oscillator, 
technology. For eXample, Sensors and Actuators B, Vol. 
18-19, pages 429-433 (1994) by Hartmann et al., describes 
use of a quartZ crystal microbalance coated With polymers, 
With lipophilic compounds, With caliX-n-arenes, With com 
pleX formers, and With a monomolecular layer to eXplore the 
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sensitivity and selectivity of quartz crystal microbalance 
based gas sensors. Also, for example, Sensors and Actuators 
B, Vol. 34, pages 356-360 (1996) by Zhou et al., describes 
coating both a quartz crystal microbalance and a separate 
calorimetric transducer With a cycloaliphatic poly(ether ure 
thane) to detect organic solvent vapors. HoWever, there has 
been no report of a combined microresonator and heat ?oW 
sensor combination used as a gas sensor. Since the combined 
microresonator and heat ?oW sensor combination of the 
present invention gives a real-time measurement of the 
molar heat of adsorption, it has a poWerful additional 
measurement dimension Which should provide further selec 
tivity for gas sensors. There are also many fundamental 
problems of interest to study With the microresonator and 
heat ?oW sensor combination of this invention, such as, for 
eXample, the continuous variation in molar enthalpy With 
increasing surface coverage from adsorption of a monolayer 
to condensation of the bulk solid. 

[0067] Applications of the Microresonator and Heat FloW 
Sensor Combination to Measuring the Binding Enthalpy of 
Water in Biological Materials 

[0068] If a protein in solution is coated on the microreso 
nator, such as a quartZ crystal microbalance, at high Water 
vapor pressure or relative humidity, the decrease in mass and 
the heat required for evaporation of Water may be studied by 
varying the partial pressure of Water in the gas above the 
surface. At ?rst, one should eXpect the thermal signal to be 
almost the same as the enthalpy of vaporiZation of Water 
itself, but as more and more Water is removed, the binding 
energy per Water molecule should change to that more 
representative of protein molecule-Water interaction ener 
gies. Such studies should help to elucidate the binding 
energetics of Water in any biological material. 

[0069] Other Applications of the Microresonator and Heat 
FloW Sensor Combination 

[0070] The microresonator and heat ?oW sensor combi 
nation of the present invention measures simultaneously and 
continuously, With high sensitivity (nanogram in mass, sub 
microWatt in heat ?oW), the change in mass and heat ?oW at 
a small gas-solid interface of, for eXample, about 1 cm2, due 
to chemical processes such as evaporation or condensation, 
adsorption or desorption, or gas-surface reactions. Other 
potential applications of the microresonator and heat ?oW 
sensor combination of this invention include, but are not 
limited to, the study of: 

[0071] (a) the hydration and dehydration of ?lms of 
proteins and other biomolecules deposited on solid 
substrates. These ?lms are used, for eXample, in 
biosensors, diagnostic immunoassays, the separation 
of proteins by chromatography, and as models for 
biological and biocompatible membranes and sur 
faces; 

[0072] (b) the energetics of intermolecular interac 
tions at the surface of polymer ?lms and other 
organic surfaces important in adhesion, lubrication, 
Wetting, and corrosion; and, 

[0073] (c) the energetics of the drying and curing of 
both Water-based and organic solvent-based paints 
and ?nishes. 

[0074] While the invention has been described in detail 
and With reference to speci?c embodiments thereof, it Will 
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be apparent to one skilled in the art that various changes and 
modi?cations can be made Without departing from the spirit 
and scope thereof. 

1. A gas sensor comprising: 

(a) a microresonator comprising a pieZoelectric substrate 
having a ?rst face and a second opposite face, Wherein 
said ?rst face of said pieZoelectric substrate comprises 
an electrode deposited on said ?rst face; 

(b) a heat ?oW sensor coupled thermally to said pieZo 
electric substrate of said microresonator; and 

(c) a heat sink coupled thermally to said heat ?oW sensor; 

Wherein said microresonator is capable of measuring at 
least one property of a process of a gas sample 
interacting With said ?rst face, and said heat ?oW 
sensor is capable of measuring the How of heat from 
said process to said heat sink. 

2. The gas sensor of claim 1, Wherein said heat ?oW sensor 
is capable of simultaneously measuring the How of heat 
from said process to said heat sink coupled thermally to said 
heat ?oW sensor, in real time With the measurement of said 
at least one property of said process by said microresonator. 

3. The gas sensor of claim 1, Wherein one of said at least 
one property of said process measured by said microreso 
nator is mass. 

4. The gas sensor of claim 1, Wherein a property of said 
process measured by said sensor is a heat per unit mass 
change. 

5. The gas sensor of claim 1, Wherein a property of said 
process measured by said sensor is the molar heat of 
adsorption of a knoWn gas. 

6. The gas sensor of claim 1, Wherein a property of said 
process measured by said sensor is the heat of reaction. 

7. The gas sensor of claim 1, Wherein said microresonator 
is selected from the group of microresonators consisting of 
bulk acoustic Wave sensors, quartZ crystal microbalances, 
surface acoustic Wave sensors, ?eXural plate Wave sensors, 
and acoustic plate mode sensors. 

8. A gas sensor comprising: 

(a) a coated microresonator comprising a pieZoelectric 
substrate having a ?rst face and a second opposite face, 
Wherein said ?rst face of said pieZoelectric substrate 
comprises a coating layer deposited on said ?rst face; 

(b) a heat ?oW sensor coupled thermally to said pieZo 
electric substrate of said microresonator and 

(c) a heat sink coupled thermally to said heat ?oW sensor; 

Wherein said microresonator is capable of measuring at 
least one property of a process of a gas sample 
interacting With said coating layer, and said heat ?oW 
sensor is capable of measuring the How of heat from 
said process to said heat sink. 

9. The gas sensor of claim 8, Wherein said heat ?oW sensor 
is capable of simultaneously measuring the How of heat 
from said process to said heat sink coupled thermally to said 
heat ?oW sensor, in real time With the measurement of said 
at least one property of said process by said microresonator. 

10. The gas sensor of claim 8, Wherein said coating layer 
is a polymer layer. 

11. The gas sensor of claim 8, Wherein said coating layer 
is a protein layer. 
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12. The gas sensor of claim 8, wherein one of said at least 
one property of said process measured by said microreso 
nator is mass. 

13. The gas sensor of claim 8, Wherein one of said at least 
one property of said process measured by said microreso 
nator is polymer modulus. 

14. The gas sensor of claim 8, Wherein a property of said 
process measured by said sensor is a heat per unit mass 
change. 

15. The gas sensor of claim 8, Wherein a property of said 
process measured by said sensor is the molar heat of 
adsorption of a knoWn gas. 

16. The gas sensor of claim 8, Wherein a property of said 
process measured by said sensor is the heat of reaction. 

17. The gas sensor of claim 8, Wherein said microreso 
nator is selected from the group of microresonators consist 
ing of bulk acoustic Wave sensors, quartZ crystal microbal 
ances, surface acoustic Wave sensors, ?eXural plate Wave 
sensors, and acoustic plate mode sensors. 

18. A method for measuring a process at an interface of a 
gas and a solid, the method comprising the steps of: 

(a) providing a microresonator Which comprises a pieZo 
electric substrate having a ?rst solid face for directly 
contacting a gas sample and a second opposite solid 
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face isolated from contacting said sample, said pieZo 
electric substrate having a resonant frequency and 
capable of producing a measurement signal based on 
said resonant frequency; 

(b) providing a heat ?oW sensor coupled thermally to said 
pieZoelectric substrate of said microresonator; 

(c) providing a heat sink coupled thermally to said heat 
?oW sensor; 

(d) measuring the changes in at least one property of a 
process of said sample interacting With said ?rst face 
utiliZing said microresonator; and 

(e) measuring the How of heat from said process to said 
heat sink. 

19. The method of claim 18, Wherein said heat ?oW sensor 
is capable of simultaneously measuring the How of heat 
from said process to said heat sink, in real time With the 
measurement of said at least one property of said process by 
said microresonator. 

20. The method of claim 18, Wherein said ?rst solid face 
comprises a coating layer deposited on said ?rst solid face. 


