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Abstract

Rules for the design of silicon chip based devices for liquid phase calorimetry are discussed. In contrast to the study of fast reactions the
investigation of slow processes like the metabolic heat production requires sample volumes of at least a few micro-liters if a signal resolution in the
mW l−1 range is necessary. On the other hand, increasing sensitivity gradients inside the reaction chamber and external temperature perturbations
restrict its enlargement. Therefore, a careful optimization of the device with respect to the sample volume is necessary if one likes to use the
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dvantages of chip calorimeters. The presented study was performed by use of a new designed flow-through chip calorimeter.
2006 Elsevier B.V. All rights reserved.
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. Introduction

During the last decade it was demonstrated that chip
alorimetry can be applied with considerable gain in various
elds of chemical and physical research. Most benefit is
btained if fast and transient processes are investigated. For
iven concentrations of the reactants and enthalpy of reaction
he signal-to-noise ratio (SNR) only depends on the sensitivity
f the temperature transducer and less on the sample volume if
he reaction is fast in comparison with the time constant of the
evice Eq. (1). As a consequence, samples of extremely small
ize can be investigated. The reason is the small heat capacity
f the addenda (<1 mJ K−1), which is essentially the feature of
hip calorimeters.
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n the above equation �u and un are the measured signal
nd the voltage noise for a given band width, respectively.

�Tad the adiabatic temperature change in K, q the dissipated
amount of heat in J, C the total heat capacity in J K−1, c
the concentration of the reactants in mol m−3, V the sample
volume in m3, �H the enthalpy of reaction in J mol−1, ρ the
density of the sample in kg m−3, cp the specific heat capacity
of the sample in J kg−1 K−1 and Ca is the heat capacity of the
addenda in J K−1. Examples for the investigation of extremely
small samples are the measurement of peptide–ligand binding
energies in nano-liter samples [1], the determination of heats of
fusion of nano-sized clusters [2] and the calorimetrical study of
absorption phenomena in thin coatings [3].

In the case of slow processes the heat capacity of the chip is
of secondary importance and the SNR decreases in turn with the
miniaturization of the sample.

SNR = ∆u

un
= Spp

un
= Sp

un
rV∆H (2)

Here, Sp is the heat power sensitivity (transfer of the calorimeter
chip) in V W−1, p the dissipated heat power in W and r is the
rate of reaction in mol m−3 s−1. Also the volume related heat
power detection limit, σp,V, which is proportional to the inverse
of the SNR, can be used for the characterization of the detecting
T is the sensitivity of the temperature transducer in V K−1,
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performance of the device Eq. (3).

σp,V = un

SpV
(3)
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Because of the decrease of the SNR with reducing of the sam-
ple size, a favorable application of chip calorimeters becomes
questionable. Despite of the considerable large heat power sen-
sitivity, which can be obtained for silicon thermopile chips
(>10 V W−1 [4]), chip calorimeters will never compete with
conventional ones in the SNR under these conditions. On the
other hand, there is a large potential for the application of minia-
turized calorimeters in microbiology and biochemistry, where
small samples have to be studied. Also the use of miniatur-
ized calorimeters as control device in biotechnological pro-
cesses could be of interest [5]. In most cases more or less
steady-state processes have to be monitored. Therefore, the
size of the calorimeter must be optimized. For relevant appli-
cations in biochemistry or microbiology the volume related
heat power resolution σp,V should not exceed a few mW l−1.
With a heat power resolution of 100 nW a sample volume
of 10 �l is required if a specific heat power resolution of
10 mW l−1 is demanded. Extremely miniaturized calorimeters
are useful only for very specialized applications (Johannessen
et al. [6]: V = 780 pl, σp,V = 18 W l−1, Zhang and Tadigadapa [7]:
V = 15 nl, σp,V = 6 W l−1).

In the presented work we intend to discuss some aspects
concerning the optimal design of chip calorimeters which can
be applied in liquid phase reaction calorimetry of micro-liter
samples:

-

- Incomplete conversion of the reactants caused by slow diffu-
sive mixing and small rate of reaction.

- Systematic errors due to incomplete integration of the dissi-
pated heat power.

- Influence of external temperature fluctuations on the signal-
to-noise ratio.

Because of their practical relevance our considerations will
be focused on flow-through devices. The study is based on exper-
iments performed with a new flow-through chip calorimeter
which was recently published [8]. The presented analysis of the
considered flow-through chip calorimeter is in turn with a series
of papers providing a general study of systematic errors in chip
calorimeters [9–11].

2. Experimental

2.1. The calorimetric device

Fig. 1 depicts a photograph and the scheme of the calori-
metric chip module, which is the heat power detector of the
flow-through chip calorimeter and which was used for our inves-
tigations [8]. In order to study the influence of the sample volume
on the performance of the calorimeter the height of the reaction
chamber was varied. At a fixed length of the channel (20 mm)
the used chamber heights of 0.6, 0.8 and 1.2 mm correspond to
s

F
s
p

Convective heat loss due to reduced residence time.
ig. 1. Calorimetric chip module. (A) Bonded thermopile silicon chip with four the
ilicon chip, the PMMA reaction chamber and the copper heat sink. (C) Schematic cro
ositions. (D) Schematic side view of the reaction chamber with the hypothetical lam
ample volumes of 12, 16 and 24 �l, respectively. The average
rmopile segments in line (TP1–TP4). (B) Complete module consisting of the
ss section of the module. Two platinum wires are mounted in a loop at different
inar reactant flows. Inlets 3 and 4 exist only for 1.2 mm chambers.
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height of every chamber was determined by measuring the vol-
ume in the thermopile section with an accuracy of 2%. In the
case of the 1.2 mm reaction chamber two different inlet posi-
tions were used to modify the local orientation of the laminar
reactant flows inside the reaction chamber. For this two ver-
tical (1, 2) and two horizontal (3, 4) inlet tubes are attached.
For the sensitivity studies a calorimetric module was prepared
with a 1.7 mm reaction chamber and two platinum wires inside
(Fig. 1C). The wires were used for Joule heating experiments in
addition to the four integrated thin film heaters. Measurements
at different positions of the wires should provide information
about sensitivity changes orthogonal to the detector membrane.
The temperature sensor which is located inside the copper heat
sink of the calorimetric module (Fig. 1C) served for measuring
of external temperature disturbances. Temperature perturbations
were generated by a stochastic modulation of the set point tem-
perature of the thermostat.

2.2. Sensitivity measurements

Calorimetric sensitivities were determined by Joule heating
experiments and by applying appropriate chemical reactions. In
order to study the influence of the thermal properties of different
liquids Joule heating experiments based on the integrated thin
film heaters were performed with water, ethanol and butanol.
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Table 1
Injection modes used for the TRIS/HCl calibration reaction

Inlet number

TRIS HCl

VA 2 1
VB 1 2
HA 3 4
HB 4 3

tants through the interface of the laminar flows. If differences in
the diffusion coefficients exist different local orientations of the
reactant flows should result in different heat power distributions.
Hence, different average sensitivities are expected if there are
sensitivity gradients inside the reaction chamber. For a proof of
this assumed effect the reactants were injected through different
inlets. The different injection modes are summarized in Table 1.
Horizontal inlets could be attached only for 1.2 mm chambers
due to geometric restrictions.

In the case of the slow hydrolysis of methylparaben the reac-
tants were mixed outside the calorimeter and 50 �l of the mix-
ture (50 mM methylparaben in 0.5 M sodium hydroxide) were
injected through one of the inlets. In contrast to the protoniza-
tion of TRIS a homogeneously heat power dissipation can be
expected. After injection of the mixture the decay of the heat
power was measured for 90 min. Because the kinetic and ther-
modynamic data of the reaction are well known [13] a first order
modeling of the time dependent signal change with respect to the
time of mixing and the chamber volume provides the sensitivity
of the calorimeter. For base line corrections the reaction mix-
ture was replaced by injecting 0.5 M sodium hydroxide solution
through the other inlet following each measurement.

3. Results and discussions

3.1. Degree of conversion and convective heat losses
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ensitivity data were derived from steady-state signals obtained
s a function of the Joule heating power. The Joule heating mea-
urements using the platinum wires were done only with water.

Two chemical calibration reactions of different kinetics were
pplied: the protonization of TRIS [12] and the base catalyzed
ydrolysis of methylparaben (BCHMP) [13]. In the first case
.1 M solution of TRIS and 0.02 M hydrochloric acid were
imultaneously injected with equal flow rates through the two
nlets. Steady-state signals were measured dependent on the flow
ate in the range of 2.5–7.5 �l min−1 (Fig. 2). Calorimetric sen-
itivity data were derived from the slope using a protonization
nthalpy of −47.4 kJ mol−1 [12]. In the axial direction the chan-
el overlaps the thermopile segments by a few tenths of millime-
er (Fig. 1D). Therefore, the reaction partially takes place before
ntering into the thermopile segments and, as a consequence, a
raction of the generated heat power cannot be detected, which
s indicated by the intercept of the curve. Because the pro-
onization is fast and laminar flows are expected, the rate of
onversion is determined by the rate of diffusion of the reac-

ig. 2. Overall steady-state signals vs. flow rate for the continuous injection of
Cl and TRIS solution into a 0.6 mm chamber (VB orientation).
Reduced residence time due to a small chamber volume and
igher thermal resistance (>100 K W−1 in comparison with typ-
cally 2 K W−1 for a conventional flow-through calorimeter)
nduce the problem of convective heat loss and incomplete con-
ersion of the reactants. In addition to small reaction rates slow
iffusive mixing disables a complete conversion. In order to pre-
ent related errors heats of reaction should be measured depen-
ent on the flow rate. Then corrections could be applied [10].

A more reasonable way is to construct a reaction chamber
ith long size in flow direction and small thickness of the flow

hannel to provide short mass and thermal diffusion length. Inde-
endent heat power detectors which are distributed along the
eaction chamber can give information about the completeness
f conversion and heat exchange as it is the case in the device
hich we have used.
Nearly zero signals of TP4 (Fig. 3) indicate that in the applied

ange of flow rates a complete conversion and heat exchange is
chieved for the TRIS protonization. If the diffusion of the pro-
ons is assumed as limiting quantity for the rate of conversion

residence time of 19 s is necessary for a layer thickness of
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Fig. 3. Normalized steady-state signals of the four thermopiles measured for
the TRIS protonation reaction with a 1.2 mm chamber. The data are normalized
with respect to overall signal.

Table 2
Relative signals for different chamber heights

v (�l min−1) h (mm) TP1 TP2 TP3 TP4

7.5 1.2 0.82 0.15 0.03 0.005
0.6 0.69 0.24 0.055 0.005

5 1.2 0.88 0.10 0.015 0
0.6 0.81 0.16 0.02 0.005

0.6 mm according to the Einstein–Smoluchowski equation (dif-
fusion coefficient DH+ = 9.3e−9 m2 s−1), i.e. the reaction should
be completed already in the first segment even for a volume flow
rate of 10 �l min−1. This is much less than the experimental res-
idence time of 2.4 min obtained for a flow rate of 10 �l min−1

and a 1.2 mm reaction chamber height.
The decrease of the chamber height reduces the residence

time for a given flow rate. On the other hand, the path for
mass and thermal diffusion is shortened which could partially
compensate the residence time effect. An examination of the
normalized signal of TP1 shows (Table 2) that a decrease of the
residence time by factor 2.4 only results in a signal change of
10–20%. In the case of slow reactions the injection of reactant
pulses with volumes smaller than the reaction chamber should be
preferred in order to suppress heat loss and conversion errors [8].

3.2. Calorimetric sensitivity

The use of planar heat power detectors which are combined
with distinct three-dimensional reaction chambers results in sys-

tematic errors, if integrated thin film heaters are applied for
calibration. The errors are caused by incomplete heat power
integration and the resulting sensitivity changes dependent on
the position of the heat power dissipation. This is known from
earlier investigations [9,10]. Therefore, chemical reactions have
to be applied for calorimetric calibration. On the other hand, it
was shown that the effective sensitivity can also be dependent
on the kind of the reaction [14]. To understand more clearly the
experimental conditions for well defined sensitivities and, hence,
for maximal accuracy the presented study was performed.

In Table 3 the sensitivities of the thermopile segments for
a simultaneously heat power dissipation in all segments are
given. The sensitivities are related to the heat power generated
inside the corresponding segment. The Joule heating data were
obtained for water as chamber content. The smaller sensitivi-
ties in thermopile segments one and four can be explained by
additional axial heat loss.

In Table 4 the sensitivities derived from Joule heating (chip
heater) and BCHMP reaction are compared with those obtained
from the TRIS protonization experiments. The presented Joule
heating and BCHMP reaction based sensitivities are the mean
values of thermopile segments two and three. For the TRIS
protonization overall sensitivities were calculated by weighting
signals of TP1 and TP2 corresponding to their lower sensitivities.
Tables 3 and 4 indicate a decrease of the sensitivity with increas-
ing chamber height. Furthermore, differences exist dependent on
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Table 3
Sensitivities of the thermopile segments based on chip heater and chemical heat pow

Heat power source h (mm) STP1 (V W−1)

Chip heater 0.6 7.5

B

1.2 7.1

CHMP 0.6 7.45
1.2 4.88
he local orientation of the laminar flows. In the case of 0.8 mm
nd 1.2 mm chambers and for vertical stacked flows the sensi-
ivity is significantly larger if the HCl is located in the upper
art of the reaction chamber. Probably maximum heat power
issipation is located nearer the detecting membrane due to the
aster diffusion of the protons. Obviously the effect increases
ith the chamber height. For the 0.6 mm chamber no significant
ifference could be observed. Measurements with horizontal ori-
ntations (HA, HB, only for 1.2 mm chamber) also provided
ifferent sensitivities but in a much smaller extent. The mean of
A and HB is very close to that of VA and VB and it is also close

o the sensitivity obtained with the BCHMP reaction. As it will
e outlined in the next section the modeling of the heat transfer
nside the chip module confirms that the observed differences in
he sensitivities possibly are caused by non-homogeneous heat
ower dissipation inside the reaction chamber.

.3. Modeling of the heat transfer

The model which we used for signal simulations was devel-
ped on the basis of the RC-analogy. Similar to the method
escribed in Ref. [15] a set of MATLAB subroutines served

er dissipation

STP2 (V W−1) STP3 (V W−1) STP4 (V W−1)

8.3 8.3 7.3
7.6 7.55 6.8

7.52 7.51 6.54
5.39 5.53 4.79
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Table 4
Sensitivities dependent on the chamber height and the local orientation of the laminar flows

h (mm)/mode STRIS (V W−1) SBCHMP (V W−1) SJH (V W−1) Scalc (V W−1) SFmean SFupper SFlower

0.6
VA: 7.2 7.5 8.4 7.4 0.88 0.84 0.92
VB: 7.2

0.8
VA: 6.6 6.4 8.0 6.6 0.83 0.76 0.89
VB: 6.9

1.2
VA: 5.1 5.4 7.6 5.6 0.74 0.66 0.83
VB: 5.6
HA: 5.2
HB: 5.4

STRIS, SBCHMP and SJH, experimental sensitivities from TRIS protonization, BCHMP reaction and Joule heating, respectively; Scalc, calculated sensitivity Eq. (4)
using SJH and SFmean; SFmean, SFupper and SFlower, correction factors for uniform heat power distribution, distribution inside the upper half part and distribution
inside the lower half part.

Fig. 4. Structure of the Model. The model consists of six segments (MSeg1–6) of identical structure. The elements of one segment are marked by dashed lines.
Meaning of the symbols: Si, silicon wafer; SU8, epoxy glue; Pg, chamber material (PMMA); Ch, reaction channel; TP, thermopile material (300 nm); H, chip heater
(30 nm); h, variable chamber height; DTi, temperature difference between hot and cold junction of segment i; S, sensitivity of one thermopile; U(TP1), output voltage
of TP1; 1–5, virtual layers of the reaction channel (2, 3; position of the Pt heaters).

for a flexible design of the model. The structure of a simpli-
fied system which simulates sufficiently the signal generation
is shown in Fig. 4. The system consists of six segments with
56 elements each. Each segment has the same structure. Two
segments of the system describe one thermopile segment. From
the experiments it was known that heat power dissipation in
one thermopile segments does not effect significant temperature
changes beyond the neighboring thermopile segments. There-
fore, the six segments should be an adequately approximation
of the calorimeter. In order to simulate the positional dependence
of the sensitivity the reaction chamber was virtually split into
five layers. The positions of the elements in which heat power is
generated and from which the signals are obtained are marked
(Fig. 4). To verify the model step response signals were sim-
ulated for different chamber heights and liquids and compared
with the experimentally determined curves. For example, Fig. 5
shows the experimental and simulated thermopile signals for a
0.6 mm chamber and three different liquids. The heat was dissi-

Fig. 5. Simulated and experimental step response for Joule heating in chip heater
2 and measured in thermopiles TP1/TP3 and TP2. Chamber height h = 0.6 mm.
The signals are normalized with respect to the steady-state values of water.
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Fig. 6. Relative sensitivity inside the reaction chamber in vertical direction (z/h,
relative distance to the membrane; h, chamber height). The sensitivities between
the simulated values were interpolated by cubic splines.

pated by the chip heater in the central thermopile segment. The
simulated and measured curves were normalized with respect to
the water related steady-state values. From the comparisons of
experimental and simulated signals one can draw the following
conclusions: The dynamic behavior is well simulated. The rela-
tionship between signals from central and neighbor segments
agrees with the experiment. The influence of the thermal prop-
erties of the liquids is well described. Larger deviations result
for the variation of the channel height.

In order to study the positional dependency of the sensitivity
step response signals were simulated for the heat power dissipa-
tion in the five virtual chamber layers (Fig. 5). After normaliza-
tion with respect to the chip heater based signal the steady-state
values provide a relative sensitivity Srel(z) as a function of the
distance to the detector membrane z as it is depicted in Fig. 6.
In Fig. 6 also the relative sensitivity values are shown, which
were experimentally determined using the platinum wires. At
least the tendency of the sensitivity change is well described
by the model. If the relative sensitivity Srel(z) (sensitivity func-
tion) is known correction factors (shape factors SF, [8,11]) can
be derived in order to improve sensitivity values obtained from
Joule heating (SJH):

S = SJHSF (4)

In order to calculate the shape factor SF the local distribution
o
f
p
c
p
l

S

S

SFlower = 2

h

∫ h/2

z=0
Srel(z) dz (7)

The agreement of the sensitivity data calculated according
Eq. (4) and the experimental ones (Table 4) seems to confirm that
the decrease of the sensitivity with increasing chamber height
is really caused by the sensitivity gradients inside the reac-
tion chamber. Furthermore, the deviations of the shape factors
depending on the local distribution of the heat power dissipation
demonstrate that undefined heat power dissipation may pro-
duce errors if large chambers are used. Obviously, the latter
was observed for the TRIS protonization at least in the 1.2 mm
chamber.

3.4. External temperature perturbations

The influence of external temperature perturbations on the
signal is dependent on the heat capacity of the sample and the
container as well as the thermal time constant. Assuming a first
order dynamic (localized heat capacity and thermal resistance,
Fig. 7) a transfer function G(jω) according to Eq. (8) can be
derived and then the frequency characteristic Af(ω) for the trans-
fer of temperature perturbations Tn to signal noise un can be
expressed by Eq. (9) with the heat capacity of sample and con-
tainer C and the time constant of the calorimeter τ. Because
of the small time constants of chip calorimeters (in our case
τ

t
t
b
(

G
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u
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F
p

f the heat power dissipation must be approximated. The shape
actors enclosed in Table 4 were derived for three different heat
ower dissipations: SFmean, uniform dissipation in the complete
hamber Eq. (5); SFupper, uniform dissipation in the upper half
art of the chamber Eq. (6); SFlower, uniform dissipation in the
ower half part of the chamber (Eq. (7)).

Fmean = 1

h

∫ h

z=0
Srel(z) dz (5)

Fupper = 2

h

∫ h

z=h/2
Srel(z) dz (6)
= 12 s) the frequency characteristic increases nearly linear with
he frequency of the temperature perturbations. Assuming white
emperature noise of band width ωB from Eq. (9) a relationship
etween voltage and temperature noise (rms) can be derived (Eq.
10)) [16].

(jω) = un(jω)

Tn(jω)
= −SpC

jω

1 + jωτ
(8)

f(ω) = |un(jω)|
|Tn(jω)| = SpCω

1√
1 + ω2τ2

(9)

n ≈ 1√
3
SpCωBTn (10)

In order to prove the noise transfer behavior we deter-
ined experimentally the frequency characteristic by generat-

ng stochastic temperature perturbations inside the thermostat.
ased on simultaneously measured temperature and thermopile

ig. 7. RC model for the generation of signal noise un by ambient temperature
erturbations Tn.
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Fig. 8. Frequency characteristic Af(ω) for the transfer of temperature perturba-
tions to signal noise for different chamber heights.

signals a simple time-discrete ARX model [16] according to Eq.
(11) was estimated by help of the system identification toolbox
of MATLAB (MathWorks Inc., USA). The order n = 8 and m = 8
was chosen empirically.

u(t) + a1u(t − T0) + · · · + anu(t − nT0)

= b1T (t − T0) + · · · + bmT (t − mT0) (11)

where T0 is the sampling time, and n and m are the orders of
the model.

From the models frequency characteristics were derived for
calorimetric modules with different chamber heights. As shown
in Fig. 8 the influence of the external temperature perturbations
increases with the chamber size as expected. Considering the
different sensitivities for h = 0.6 mm and h = 1.2 mm (5.4 V W−1

and 7.5 V W−1, respectively) the doubling of the heat capacity
is well reflected.

In Table 5 the measured voltage noise and the related heat
power noise which are caused by the stochastic temperature per-
turbations are given for the three analyzed calorimetric modules.
The increase with the chamber height is higher than expected
regarding Eq. (10). The band width is not exactly the same.
Further, no perfect white noise was generated. Despite of this
one can deduce that a 100 �K noise level is sufficient to obtain
a 50 nW resolution. In order to approach to the electronically
d
m
t
t

T
V
p

T

u
p
p

4. Conclusions

The miniaturization of calorimeters by help of silicon chip
technology is advantageous for the investigation of fast reactions
in small samples. If the interest is focused on slow and low energy
processes like microbial activities or enzyme catalyzed reactions
a decrease of the sample volume is accompanied by a reduced
signal-to-noise ratio. Unfortunately, a possible gain in the signal-
to-noise ratio by enlargement of the sample volumes is partially
compensated due to a reduced average sensitivity and increas-
ing temperature induced noise. Sensitivity gradients inside the
reaction chamber which are caused by the planar geometry of
the thermopile detectors also provoke systematic errors if non-
uniform heat power distribution inside the reaction chamber is
generated by the reaction. Therefore, the application of larger
chambers is only possible if premixing of the reactants can be
performed (see, e.g. Ref. [17]). Further, more effort for temper-
ature control is necessary and increasing time constants degrade
the dynamic performance of the calorimeter.
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[4] V. Baier, R. Föhdisch, A. Ihring, E. Kessler, J. Lerchner, G. Wolf, J.M.
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