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Abstract

An IC calorimeter was developed for the investigation of enantioselective gas—surface interactions. The calorimeter is based on a com-
mercially available silicon thermopile chip. Due to its small time constant heat power pulses @ 206 measurable with a deviation of
less than 2%. Systematic errors were analyzed by studying the flow rate dependence of the signal. An error level of less than 5% could be
estimated by reference measurements with a conventional microcalorimeter. As an example of application the energetics of absorption of the
two enantiomers of methyl-2-chloropropionate into a thin film of the chiral receptor octaRis{Banoyl-2,6-di-O-n-pentyl)y-cyclodextrin
and into an achiral layer of polydimethylsiloxane was studied.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction are reasonable doubts that these data may be wrong or mis-
leading in some cases due to kinetic problems, change of
Chirality is a vital property of nature and of essential mechanism in the temperature interval or unfavorable con-
importance for the understanding and control of biological centrationg3]. Direct calorimetric measurements seem to
processes. Consequently, chiral recognition possesses ndbe more reliable, but small heat effects and heat differences
only scientific interest but also industrial significance. Espe- as well as small samples make extremely high demands on
cially in the pharmaceutical industry there is a strong move the performance of the calorimetric instruments.
towards enantiomerically pure compounds linked with a  Recently, new miniaturized calorimeters were developed
growing need for enantioselective separation, preparationespecially for the study of gas—surface interactions (e.g. by
and analysis procedures. For the scientific understandingSmith and Shiraz[4]). The calorimeter described in Ref.
of the mechanism of chiral recognition and separation pro- [4] has a time constant of approximately 50s and a heat
cesses, detailed structural as well as thermodynamic knowl-power resolution of 50 nW. This is sufficient for many appli-
edge is required. Thermodynamic data for chiral separation cations. However, the reliable measurement of heat pulses
processes, especially enthalpic and entropic contributions toless than 1@J requires a more rigorous reduction of the
the driving force, have been usually determined by meanstime constant of the calorimeter. The use of silicon ther-
of temperature dependent chromatographic experimentsmopile chips as heat power detectors can overcome the prob-
and applying the van't Hoff analysi4,2]. However, there  lem [5,6]. Due to the small thickness of the silicon mem-
brane which contains the thermopile and carries the sample,
_ time constants of less than 50 ms can be achieved. In the
* Corresponding author. Tek:49-3731-39-2125; first part of this work a refined IC calorimeter based on re-
fax: +49-3731-39-3588. cently described miniaturized instruments containing com-
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cial emphasis is laid on the analysis of possible systematic
errors. It will be demonstrated that calorimeters of this type
are suitable for the study of enantioselective gas—surface
interactions.

2. Experimental
2.1. Chemicals

The R- and S-enantiomers of methyl-2-chloropropionate
were purchased from Aldrich and used without further
purification. Polydimethylsiloxane (PDMS, MoTech) and
octakis(3-O-butanoyl-2,6-di-O-n-pentyl)-y-cyclodextrin
(Lipodex E, W.A. Konig, University of Hamburg) were
used as achiral and chiral receptors, respectively. Synthetic
air and a certified gas mixture containing 2000 ppm heptane
in synthetic air were purchased from Linde Gas AG. For
the preparation of homemade gas samples analytical grade
heptane from Merck was used.

2.2. The twin-chip calorimetric device

The experimental setup was designed similar to that used
in preliminary studie$7]. Two calorimetric chips with inte-
grated thermopiles, XENSOR LCM 2524, coated with a thin
film of a gas absorbing receptor are housed in a calorimetric
device (Fig. 1), which permits the simultaneous detection of
two independent signals generated by the same acting gas.
The alternating supply of the sample gas (synthetic air plus
acting gas) and the inert reference gas (only synthetic air) is
provided by tubes forming a labyrinth path inside a metallic
heat exchanger on top of the calorimetric device to ensure
a homogeneous temperature. Each detector receives 50% of
the total gas flow. The gas flow ends in two elementary noz-
zles oriented to the center of the chips (Fig. 2). In order to

analyze the effects of nozzle orientation two different types ™'9- 1- Scheme (2) and photograph (b) of the calorimetric device. The
upper part of (a) comprises the heat exchanger for the inlet gas flows

of nozzles were constructed: nozzles producing perpendicu'and the nozzles to impinge the gas jets onto the chip surface. The lower
lar (1) and parallel gas streams (2), respectively. In order to part (b) consists of an aluminum frame enclosing the silicon chips and
improve the temperature stability of the new setup the calori- bottom plate.
metric device was mounted in a temperature controlled metal
box. The measured temperature fluctuations inside the boxpared stock gas mixtures were applied (2000 ppm heptane
during a series of measurements were lower than 10 mK. in synthetic air). Otherwise, the samples were homemade by
A computer controlled gas supply was designed on the evaporation of a weighed amount of liquid into a gas bot-
basis of three mass flow controllers (MKS) and two com- tle and subsequent addition of synthetic air up to a pressure
pressed gas bottles containing a sample gas stock mixturecorresponding to the desired normal pressure concentration.
and synthetic air, respectively. The synthetic air serves asthe In order to obtain reproducible absorbing layers on the
reference gas as well as for diluting the stock mixture. The chip calorimeter with a defined mass, small quantities of the
desired concentration of the acting gas in the sample wasreceptor dissolved in dichloromethane were dropped onto
obtained by the appropriate setting of the volume flows. The the chip surface using a microliter syringe. The receptor
total volume flow rate used was in the range between 0 andmass used in the measurements wad€0p.g.
100 mImirr L. Two valves serves for periodical switching of Contrary to the previously used experimental setup the
the two gas flows before entering the calorimetric device. actual one was equipped with a KEITHLEY 2700 multime-
The periodical change between sample gas and referenceer based data acquisition system controlled by a computer
gas generates a sequence of alternating absorption and desunning a special MATLAB routine. It enables fully au-
orption effects. For several measurements commercially pre-tomated measuring series around the clock. In parallel to
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Fig. 2. Gas flow in the nozzles (1) and the nozzles (2).

the thermopile voltage the temperature of the calorimetric

device was recorded.

was found. To ensure complete adjustment of the absorption
equilibrium, a period time (absorption and desorption) of
120 or 225 s was chosen. Noise reduction is possible by aver-
aging of consecutive signal periods. The averaging was per-
formed off-line after visual inspection of every signal period
in order to reject transitory effects and artifacts. From one
measuring series usually 20 periods were selected for the av-
eraging procedure. The resulting short term noise of the base
line is lower than 0.2V corresponding to a temperature res-
olution of 4pK, i.e. it is assumed that external temperature
perturbations of a few mK will disturb the signals. This can
be demonstrated by blank experiments using reference gas
instead of sample gas. Fig. 4a the averaged periodic signal

of a blank experiment is shown. Base line shift and transient
effects around the valve switching points are mainly caused
by incomplete temperature adjustment of the gas. This has
been proved in separate experiments with heated input gas
flows (not shown here). On the other hand, the temperature
induced distortions are changing slowly. Thus, the correction
of blank effects is possible by subtraction of the averaged
signals from absorption and blank measuremekig. 4b

The chip calorimeter was calibrated electrically using the demonstrates that the subtraction of two consecutive, aver-
integrated calibration heater of the chips and a separate conaged blank signals almost provides complete compensation

trol unit (power supply and timer).

2.3. Data treatment

of the temperature caused distortionsFig. 4c a corrected

absorption—desorption signal is reported showing a perfect
base line. Numerical integration of the peaks provides the
integral heats of absorption and desorption, respectively. An

Fig. 3 depicts a series of periodic absorption and desorp- algorithm analyzing the slope of the base line was applied
tion signal peaks. As previously discus48l the shape of
the peaks mainly depends on the volume flow rate of the gas, The signals from the Joule heating measurements were
the thickness of the layer, the diffusion coefficient for the processed in the same way as the absorption dfigs.5
distribution of the acting gas within the layer and, as a fixed depicts an example for an averaged signal period gener-
feature of the device, on the volume of the chamber above theated by periodical Joule heating. The voltage difference at
chip membrane. Typically, a half-width of the peaks of 2s steady states provides the calibration information. The cor-
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to find an appropriate range of integration.
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Fig. 3. Part of a series of periodic absorption and desorption signal peak$Q mlmin, chep= 1000 ppm, 10@hg PDMS, T = 2255).
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Fig. 4. Blank corrections of the absorption—desorption signals: (a) averaged period of a blank measurement; (b) effect of subtraction of two consecutive
averaged blank periods; (c) blank corrected absorption—desorption signal period (v = 60ml min—1, Chep = 2000 ppm, 85pg PDMS, T = 120s).
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Fig. 5. Averaged period of a Joule heating signal period (pg = 170 pW).

responding heat power generated electrically was measured
off-line.

2.4. Reference measurements with a conventional
microcal orimeter

Reference absorption measurements were carried out by
means of a conventional twin heat conduction calorimeter
(TAM 2277, Thermometric, AB Sweden). The4 ml high per-
formance calorimeter equipped with the RH-perfusion unit
and a 1 ml stainless steel cell was used for the experiments.
The measurements were performed using a sample gas mix-
ture of 1000 ppm heptane in synthetic air, a constant total
flow rate of 1.6ml min—! and a temperature of 25°C. Two
mass flow controllers (BRONKHORST) were used for sam-
ple gas and synthetic air, respectively, each connected to a
three-way magnetic valve to switch periodically between the
sample gas (sorption) and synthetic air (desorption). In order
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Fig. 6. Part of series of periodic sorption, desorption and blank signal peaks
(v =1.6mlmin~%, chep = 1000ppm, 1 mg PDMS, TAM calorimeter).

to prepare a hearly homogeneous thin film of PDMS inside
the calorimetric cell, a known volume of a PDMS solution
in dichloromethane was filled in and the solvent was evapo-
rated under permanent rotation of the cell. A sorption (des-
orption) step was always started after reaching chemical and
thermal equilibrium in the calorimeter. The heat flow was
recorded as a function of time and converted into enthalpies
by integration of the appropriate peaks. Blank effects were
corrected by subtracting the results of blank experiments
with synthetic air at identical experimental conditions
(Fig. 6).

The TAM microcalorimeter was calibrated electrically
applying the standard procedure described in the user
manual at a constant total flow of 1.6mlmin—! synthetic
air.

3. Results and discussion
3.1. Calorimetric monitoring of the absorption process

In order to check whether the measured effects are re-
aly caused by the absorption—desorption process, the ab-
sorption of heptane by a polymer layer (PDMS) was inves-
tigated. In the range up to 2000 ppm of heptane Henry’s
law should be fulfilled [9], i.e. the amount of absorbed gas
should change linearly with its concentration in the sample
gas. Consequently, a linear relationship between the mea-
sured heat and the concentration should be expected for the
absorption as well as for the desorption. Furthermore, heats
of absorption and desorption haveto beidentical at the same
experimental conditions. The results shown in Fig. 7 con-
firm both facts, i.e. the measured heats can be assigned to
the absorption—desorption process.

3.2. Analysis of the convective heat loss

The heat power calibration of the device can be per-
formed by Joule heating using the integrated chip-heater.
Systematic errors of this procedure could be caused by
lateral sensitivity changes in the silicon membrane and by
convective heat loss. If the receptor layer is located in-
side the most sensitive area of the chip (the area which is
surrounded by the hot junctions of the thermopile), the sen-
sitivity dependence on the shape of the layer is negligible
with an error of less than 1% related to the Joule heating
sensitivity [10]. This can be described by a shape factor
as proposed by Torra et al. [11]. Besides some preliminary
experiments [5], the influence of the convective heat loss on
the accuracy of the measured heats of absorption in a flow-
through chip calorimeter was not studied systematically up
to now.

0.5
0.4 A
2
>
€ 0.3
£
]
o
]
% 024
&
B sorption
01 4 —— Plot 1 Regr
’ O desorption
—— Plot 2 Regr
0.0 T T T T T
0 200 400 600 800 1000 1200
cin ppm

Fig. 7. Plot of the peak areas of absorption and desorption against the concentration of heptane (85 ug DMPS, v = 60ml min~1).
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Fig. 8. Heat flows and thermal resistances in the chip-layer system: (a)
Joule heating; (b) absorption. py4, input power of Joule heating; paps, input
power of absorption; peonv, convective heat 10SS; Pmess, Measured heat
power; Rmem, thermal resistance of the silicon membrane; Ryoly, thermal
resistance of the absorbing layer; Reony, thermal resistance of convective
heat exchange.

The convective heat loss, i.e. the heat which is transferred
between the chip surface and the gas stream, depends on
the surface area, the temperature difference between surface
and gas and the average convection coefficient. The latter
depends on the volume flow rate, the geometry of the fluid
stream and some properties of the gas. A quantitative de-
scription of the convective heat loss is possible by charac-
teristic dimensionless numbers [12].

A discussion of systematic errors caused by forced con-
vection requires the examination whether a Joule heating
signal is reduced by convective heat loss similar to a signal
generated by a gas—receptor interaction. The thermal resis-
tance of the receptor layer is the crucial parameter as ex-
plained by the simple schemein Fig. 8. According to Fig. 8,
concentrated thermal resistances are assumed for describing
the heat transfer inside the chip membrane and through the
absorbing layer aswell asfor the convective heat |oss. Thus,
by applying Kirchhoff’s laws, relations between the convec-
tive heat 10ss peony @nd the measured heat power pmeas Can
be derived for Joule heating and gas—surface interaction, re-
spectively. The measured heat power is that part of the total
heat power which is converted into the measured voltage sig-
nal by the thermopile. Eq. (1) indicates that the influence of
the receptor layer differs from Joule heating (1a) to absorp-
tion (1b). Increasing the thermal resistance of the absorbing
layer, e.g. due to increasing the thickness, should decrease
the conductive heat loss during Joule heating. For the ab-
sorption an opposite effect should be expected. Therefore,
it isimportant to compare the volume flow rate dependence
of Joule heating and absorption signals:

Pcov _ Rmem ( 1 ) )
Pmeas Reorv \ 1+ Rpoly/Reorv

R R
Pconv _ Kmem (1+ pon) @)

Pmeas Rconv Rmem

Table 1
Normalized linear slopes of the signal change with respect to the volume
flow rate for nozzle 1

Layer Normalized dope (mimin~1)  Normalized slope (ml min~1)

(Joule heating) (absorption)
LO —5.92 x 1074
L1 —5.89 x 1074 —5.04 x 1074
L2 —5.97 x 1074 —4.89 x 10~4

LO, L1, L2 symbolize the different polymer layers (LO, empty; L1, 20 ng
PDMS; L2, 45ug PDMS).

In Fig. 9 the volume flow rate dependencies of both the
steady-state voltage from Joule heating experiments and the
heptane absorption peak areas are shown for nozzles 1 and
2. In the case of nozzle 1, the dependencies were examined
for two different amounts of PDMS on the chip. The flow
conditions caused by nozzle 1 lead to a significant volume
flow rate dependence of the signals. In Table 1 the data of
normalized slopes are summarized. Normalized slopes were
calculated by dividing the slope of the linear part of the
curve by the zero flow rate value in the case of Joule heating
or by the extrapolated onein the case of heptane absorption,
respectively. It is demonstrated that the relative change of
the parameters with respect to the flow rate is quite similar
for Joule heating and heptane absorption. Furthermore, no
significant influence of the polymer layer on the flow rate
dependence could be detected. The situation improves dras-
ticaly if nozzle 2 is applied. In this case, the volume flow
rate dependence is reduced by a factor of 5 as shown for
the Joule heating signals. Because of the larger scatter of
the absorption data no significant effect of the volume flow
rate can be observed. Because of optimal peak integration
in all experiments a fixed volume flow rate of 60 ml min—!
was chosen.

In summary, one can conclude that systematic errors due
to convective heat |oss effects should be smaller than 2% if
the integrated heater is applied for calibration.

3.3. Comparison between IC calorimeter and TAM

Because of thelack of acertified test reaction for solid—gas
interactions comparative sorption experiments were carried
out with the IC and the TAM calorimeter in order to verify
the expected accuracy of the IC calorimetric measurements.
Heats of sorption were measured in dependence of the mass
of PDMS. In the case of the IC calorimeter the mass of
PDMS varied from 75 to 160 g and for the TAM calorime-
ter from 650 to 1200 g. In both cases the same heptane
sample mixture was used. For both calorimeters alinear de-
pendence of the heat of absorption from the mass of PDMS
was obtained. From the slopes the following sorption en-
thalpies were calculated: TAM calorimeter 1.71 + 0.17 Jg,
IC calorimeter 1.86 + 0.08 J/g (based on the €electrical cal-
ibration). Considering the experimental uncertainties, the
difference of the two results is not significant. The rela-
tive large error of the TAM results is due to an unfavorable
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Fig. 9. Volume flow rate dependence of the signal parameters: (a) steady-state voltage data from Joule heating, nozzle 1; (b) peak areas of absorption,
nozzle 1; (c) steady-state voltage from Joule heating, nozzle 2; (d) peak area of absorption, nozzle 2. L0, L1, L2 symbolize the different polymer layers

(LO, empty; L1, 20ng PDMS; L2, 459 PDMS).

signal-to-noise ratio caused by relatively long equilibration
times and small signals. This result aso illustrates the ad-
vantage of the small time constant of the IC calorimeter
for thin film sorption studies. In summary, this comparative
experiment confirmed the reliability of the electrical cali-
bration of the IC calorimeter at the applied experimental
conditions.

3.4. Determination of heats of absorption of enantiomers
into chiral receptors

The refined and optimized IC calorimeter was applied
to investigate the energetics of absorption of the two enan-
tiomers of methyl-2-chloropropionate into a thin film of
the chiral receptor Lipodex E and into an achiral layer of
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Fig. 10. Heats of absorption of the two enantiomers of methyl-2-chloropropionate into the chiral receptor (2.5 wg Lipodex E, v = 60ml min~1) and into

the achiral receptor (100 ng PDMS, v = 60ml min—1).
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PDMS. Results obtained with receptor layers of 2.5ug
(Lipodex E) and 100 g (PDMS) are shown in Fig. 10.
The results demonstrate that the IC calorimeter is capable
of measuring small heats of absorption in thin films with
high sensitivity and precision. The non-linear dependence
of the heats of absorption into the cyclodextrin on the
enantiomer concentration and the comparatively large heat
effects indicate specific enantiomer—receptor interactions.
The preferred interaction of the S-enantiomer, also known
from chromatographic separation experiments [13], is ex-
pressed by considerable larger heat effects, especially at low
enantiomer concentrations. In contrast to the cyclodextrin
receptor, the heats of absorption into PDMS show a linear
dependence on the enantiomer concentration, the effects are
much smaller and the difference between the enantiomers
is small. This result is typical for a non-specific interaction
which could be expected for an achiral receptor.

A detailed thermodynamical analysis of the calorimet-
ric results together with microgravimetric (quartz mi-
crobalance) results, including modeling of the absorption
isotherms, calculation of thermodynamic absorption data
(AG, AH, AS) and discussion of chiral discrimination ther-
modynamics, will be presented in the forthcoming second
part of this paper.

4. Conclusions

The measurement of heats of absorption of gas into thin
filmsisone of the fields of application whereC calorimeters
are unrivaled. Due to the fast mass transfer inside thin films
the advantage of the small time constants of |C calorimeters
takes effect. Even advanced conventional microcaorime-
ters (like the TAM 2277) with a heat power resolution in
the nW range do not permit satisfactory precision for mea-
suring short heat pulses of a few pJ. Despite of the open
structure of IC calorimeters systematic errors are less than
5% with respect to Joule heating calibration. Therefore,

IC calorimetry should be the method of choice if sophis-
ticated energetic studies of interactions with thin films are
intended.
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