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anningCalorimetry Devi
e (DSC)1.1 Operating Prin
iple of a DSCDi�erential S
anning Calorimetry (DSC) is a method widely used in laboratoriesto study thermal e�e
ts of small samples. Measurements obtained by DSC allowdetermination of heat 
apa
ity, heat of transformation, transformation temperatureand purity of samples.The basi
 
on�guration of a disk type DSC is shown in �gure 1. Two 
ru
ibles arepla
ed on top of a plate inside of a temperature 
ontrolled oven. One of the 
ru
ibles,the referen
e, is typi
ally empty. The other one is �lled with the sample material.Temperature is measured via thermo
ouples mounted beneath the 
ru
ibles.During a measurement run, the oven is heated or 
ooled with a 
onstant rate.Figure 2 shows the time dependen
e of the temperatures in 
ase of an empty sam-ple 
ru
ible. The sample/referen
e temperature lags behind the oven temperaturedue to the heat 
apa
ity of the 
ru
ibles and the �nite heat 
ondu
tivity. A time
onstant tau_lag or τ des
ribes the time the sample needs in order to heat up tothe same temperature the oven has. Of 
ourse the sample will never rea
h theoven temperature sin
e the oven is driven with a 
onstant heating rate β. But τ isan estimate how many se
onds ago the oven temperature was equal to the a
tualsample temperature. Therefore the produ
t of τ and the heating rate β gives the1
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Figure 3: Non-empty sample showing a phase transition.temperature di�eren
e between sample and oven. The sample temperature is thengiven by
Tsample = Toven − βτ. (1)In 
ase of a non-empty sample 
ru
ible, the temperature of the sample will lagbehind even further due to the enlarged heat 
apa
ity. This situation is shown in�gure 3. The temperature di�eren
e between referen
e and sample in the absen
eof a phase transition is dire
tly proportional to the heat 
apa
ity of the sample.During a phase transition, the heat transferred to the sample is used to alter thephase of the sample material and 
an therefore not be used to heat up the sample anyfurther. As a 
onsequen
e temperature of the sample remains more or less 
onstantwhile the referen
e is heated up further. This results in an in
reasing temperaturedi�eren
e between sample and referen
e, whi
h is re
orded by the DSC devi
e.Figure 3 shows the signal of a typi
al phase transition. The measured voltagesignal is plotted versus the oven temperature. The line 
onne
ting the signal linesbefore and after the phase transition is 
alled the baseline. Usually the lower edge ofthe signal 
an be �tted with a straight line. The 
rossing between this line and thebase line is 
alled T_onset or Tonset. This point de�nes the beginning of the phasetransition. Note that Tonset is not the real transition temperature sin
e it dependson the heating rate β and the time 
onstant τlag. Equation 1 has to be used in orderto eliminate these dependen
ies.The area of the signal 
urve 
on�ned by the baseline is a measure for the heatused in the phase transition.1.2 Determining of the Time Constant tau_lagThe value of τlag depends on the sample mass and the heating rate β. Sin
e the heat
apa
ity in
reases with the mass of the sample, τlag in
reases also. Same is true forthe heating rate. The sample needs more time to heat up for larger heating rates.3
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Figure 6: Measurement 
urve of an indium sample.In order to determine the value of τlag, several measurement runs with a 
alibrationsubstan
e, e.g. indium, have to be 
arried out with di�erent heating rates. The onsettemperature Tonset has to be determined for ea
h of those runs. Sin
e τlag is in �rstorder linear dependant on the heating rate β, a linear regression as shown in �gure5 des
ribes the β-dependen
e reasonably well. τlag is then simply given by the slopeof the regression line.The real temperature of the phase transition 
an now be found by extrapolatingthe Tonset values for β = 0. This is equivalent to a DSC measurement run withthe heating rate β approa
hing zero and thereby vanishing τlag. In a real experi-ment the sample temperature would follow the oven temperature immediately. This
orresponds to the 
ase of an ideal DSC.1.3 Measurement of Calibration Substan
es1.3.1 Determination of T_onset and the Heating RateFigure 6 shows the result of a typi
al measurement run. A small IDL program waswritten to �t the baseline and the forward edge of the peak. The baseline was �ttedwithin an interval ranging from Tpt − 10 til Tpt − 5 ◦C. The subs
ript pt denotes theestimated temperature of the phase transition.Fitting of the forward edge of the peak needs to be done more 
arefully regardingthe true shape of the 
urve. Just sele
ting a temperature interval does not work.Therefore an interval de�ned relative the maximum of the peak and the baselinewas 
hosen. Starting at low temperatures, the temperature of the �rst o

urren
e5
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Figure 7: Example of a measurement run with interse
ting baselines.of a value larger than 1.2 times the value of the baseline is taken as the left borderof the �t interval. The �rst o

urren
e of a value larger than 0.8 times the peakmaximum de�nes the right border.The onset temperature Tonset is �nally obtained by 
omputing the 
rossing be-tween the baseline and the �tted peak edge. The other important parameter of themeasurement run, the heating rate β, is given by the slope of the baseline.1.3.2 Determination of the Heat of TransformationThe heat of transformation, Q, is proportional to the area of the 
urve 
on�ned bythe baseline. However it is often di�
ult to get an a

urate approximation for thebaseline. Figure 7 shows an extreme example of su
h a problemati
 
ase. Relyingon a single baseline would lead to an underestimation of the peak area and thereforeresult in too small values for the transformation heat.To improve the peak area 
al
ulation, a se
ond baseline is �tted to the signal abovethe transformation peak and the 
rossing of both baselines is 
omputed. Integrationof the peak area with respe
t to time starts at the upper end of the �t interval ofthe �rst baseline. When the 
rossing is rea
hed, the se
ond baseline is used as lowerboundary.1.3.3 Che
k of the Temperature Calibration of the DSCSeveral di�erent substan
es with well-de�ned transformation temperatures in theregion of interest are used to 
he
k the temperature 
alibration of the DSC. Ea
h6
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anning Calorimetry Devi
e (DSC)substan
e is measured several times with di�erent heating rates in order to a

u-rately determine the time 
onstant τlag. Usually data of the �rst run of ea
h newsample has to be dis
arded sin
e the substan
e has to be molten on
e in order toget in good thermal 
onta
t with the 
ru
ible. One ex
eption to this rule are allmeasurements of benzophenone. No further phase transition 
ould be observed afterheating this substan
e above the transformation temperature followed by 
ooling tothe start temperature. So a new sample was prepared for ea
h measurement run.Figure 8 shows the results of all 
alibration runs. The �rst four measurement serieswere obtained with the sample being �lled in standard Mettler 
ru
ibles. The plotsin the bottom of the panel show results of two indium samples pla
ed in self-madealuminium foil 
ru
ibles.The data points shown in the top row of the panel seem to be spread out mu
hwider 
ompared to the other other plots. This 
an be attributed to two fa
ts:The measurements in
luded in these two plots were taken on di�erent days andthe sample, as well as the referen
e 
ru
ible, were repositioned after ea
h run. In
ontrast, all measurements belonging to one of the other four plots were taken in arow without tou
hing the 
ru
ibles. One ex
eption are the benzophenone samplesas mentioned above.Results Figure 9 shows the deviation of the measured transformation temperaturesfrom literature values. The value obtained for benzophenone is not as signi�
ant asthe other ones be
ause of the problems en
ountered with this substan
e. Ex
ludingbenzophenone, no 
lear trend 
an be found. However, the temperature s
ale of theDSC seems to be o�set by -1.2 K.1.3.4 Heat CalibrationThe 
omputed peak area of all 
alibration runs ex
ept benzophenone samples areplotted in �gure 10. The statisti
al spread indi
ates a pre
ision of the heat mea-surements of approximately 5 per
ent.The plot labeled with Ca�eine shows a distin
t feature: Two points measured at10 Kelvin per minute are well separated from the other points. Together with a thirdmeasurement run whi
h is not in
luded in this plot, the two 
orresponding runs weredone shortly after swit
hing on the DSC devi
e. Then the DSC oven was kept at200 ◦C for about 40 Minutes before the rest of the measurements were taken. Sin
ethe DSC was at room temperature before the �rst run, it 
an be 
on
luded that theDSC needs approximately one hour in order to stabilize itself at high temperatures.Note that the heat in those plots is given in arbitrary units. It has to be normalizedby the sample mass before any 
omparisons 
an be done.Determination of the Unit of the Peak Area Figure 11 shows the values nor-malized by the sample mass divided by the transformation heat of the substan
e1.1Indium: 3.128 kJ/mol, Benzoi
 A
id: 147.3 J/g7
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Figure 8: Measurement of 
alibration substan
es with di�erent heating rates. Thetransformation point T_zero is obtained by extrapolating the linear re-gression for zero heating. The time 
onstant tau_lag is given by the slopeof the regression line.
8



1 Calibration of a Di�erential S
anning Calorimetry Devi
e (DSC)
Melting/Sublimation Point

Caffeine Indium Indium FP1 Indium FP2 Benzoic Acid Benzophenone
-2.0

-1.5

-1.0

-0.5

0.0

D
ev

ia
tio

n 
(K

el
vi

n)

236.0 156.6 156.6 156.6 122.4  47.9

Mettler crucibles
Self-made crucibles

Figure 9: Deviation of the transformation temperatures are plotted for di�erent
alibration samples. The literature values are written below the samplenames.The mean value of all measurements of samples inside standard Mettler 
ru
ibles is
7.8 × 104 integrated devi
e units/Joule.Values obtained with samples inside self-made aluminium foil 
ru
ibles are some-what smaller and less reliable. This 
an be attributed to the lower heat resistan
eof the 
ru
ible due to the thin foil. In addition, the heat resistan
e 
hanges fromsample to sample be
ause of small 
hanges in the geometry of the 
ru
ible. Sin
ethe 
ru
ibles 
onsist of thin aluminium foil it is impossible to 
onstru
t perfe
tly�at pans. However, the 
onta
t area between the 
ru
ible and the 
onta
t pads ofthe thermo
ouples is an important parameter whi
h in�uen
es the a

ura
y of thetemperature measurements.Measurements values shown in the bottom left of �gure 11 are far-o� relativeall the other plotted values. It 
ould not be found out whether there was an errorintrodu
ed when the sample was weighted. Another explanation for low values wouldbe bad 
onta
t between the sample and the thermo
ouples. Further measurementruns with new samples are needed to answer the question, though.1.4 Measurement of PTBFigure 12 shows the result of a measurement run with a standard Mettler 
ru
ible�lled to maximum with PTB. The phase transition around 50 ◦C is hardly dete
tableand 
learly not usable for 
alibration purposes.

9



1 Calibration of a Di�erential S
anning Calorimetry Devi
e (DSC)
Heat Calibration Indium

0 5 10 15 20
beta (K / minute)

1.0•104

1.1•104

1.2•104

1.3•104

1.4•104

1.5•104

H
ea

t (
ar

b.
 u

ni
ts

)

Mean: 13031.6

Heat Calibration Benzoic Acid

0 5 10 15 20
beta (K / minute)

8.50•104

9.00•104

9.50•104

1.00•105

1.05•105

H
ea

t (
ar

b.
 u

ni
ts

)

Mean: 88491.6  97347.0

Heat Calibration Caffeine

0 5 10 15 20
beta (K / minute)

4.0•104

4.2•104

4.4•104

4.6•104

4.8•104

5.0•104

H
ea

t (
ar

b.
 u

ni
ts

)

Mean: 44516.4

Heat Calibration Indium Foil Pan Sample 1

2 4 6 8 10 12 14 16
beta (K / minute)

8600

8700

8800

8900

9000

9100

H
ea

t (
ar

b.
 u

ni
ts

)

Mean:  8853.5

Heat Calibration Indium Foil Pan Sample 2

2 4 6 8 10 12 14 16
beta (K / minute)

1.72•104

1.74•104

1.76•104

1.78•104

1.80•104

1.82•104

H
ea

t (
ar

b.
 u

ni
ts

)

Mean: 17756.7

Figure 10: Computed peak area for di�erent 
alibration runs. The plot labeled withBenzoi
 A
id 
onsists of two separate runs with di�erent sample massesindi
ated by the two symbols.
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Figure 12: Measurement run of a PTB sample. The phase transition around 50 ◦Cis hardly visible.
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Figure 13: Measurements run of a benzoi
 a
id sample. The se
ond run of the samesample (right) was immediately done after the �rst run (left). The largedi�eren
e in peak area between the two runs suggests a high loss of samplematerial due to evaporation/sublimation.1.5 Measurement of Benzoi
 A
id En
losed in a Self-MadeCru
ibleMeasurement runs of evaporating/sublimating substan
es pla
ed in self-made 
ru-
ibles were unsu

essful. These 
ru
ibles 
onsist of two small pans made of alu-minium foil. One of the two pans serves as lid for the other pan. Sin
e the inter-
onne
tion of the two pans is a simple fold around the 
ir
umferen
e, the self-made
ru
ibles are not gas-tight and sample material is therefore lost during the measure-ment run.Figure 13 shows an example of two 
onse
utive runs of the same benzoi
 a
idsample. The o�set of the se
ond baseline relative to the �rst one already indi
atesevaporation/sublimation of sample material during the �rst run (left �gure). Thepeak area measured during the se
ond run (right �gure) is mu
h smaller. More than70 per
ent of the sample material is lost.The standard Mettler 
ru
ible is 
old-welded after �lling it with the sample mate-rial. This weld makes the 
ru
ible gas-tight. Trying to 
old-weld the self-made panswas rather unsu

essful, though. Sin
e the aluminium foil pans have no really �atsurfa
e at the 
ir
umferen
e, the resulting weld is very fragile and ruptures after theslightest hit with tweezers. It is not strong enough to withstand any overpressurealso. In 
ontrast, the Mettler 
ru
ibles are rated for up to 1 bar overpressure whi
his usually su�
ient to 
on�ne any evaporating material.
12



2 Testing sample ovens2 Testing sample ovens2.1 Capillary oven2.1.1 SetupThe 
apillary oven is made of a massive 
ooper blo
k with an embedded heatingelement. Cold air 
an be vented through a 
ooling pipe in order to 
ool the blo
k.Heating and 
ooling is 
ontrolled by a mi
ropro
essor devi
e named Jumo whi
h is
onne
ted to a standard PC. Temperature pro�les 
an be programmed via de�ningsetpoints and heating rates for given time intervals. Afterwards these programs aretransferred to the Jumo devi
e for exe
ution.The sample 
apillary is pla
ed in a 
entral hole within the 
opper blo
k. A sket
hof su
h 
apillary 
an be seen in �gure 16.A thermo
ouple, whi
h gives feedba
k for the temperature 
ontrol loop, is mountedin dire
t vi
inity of this hole inside the 
opper blo
k. Measurements belonging tothis sensor are denoted with the subs
ript �heater� in the following se
tion. The
apillary was �lled with water in order to simulate the heat 
apa
ity of ordinarysample substan
es su
h as lipids, and temperature of the water is measured witha 0.5 mm thermo
ouple pla
ed inside the 
apillary. All measurements originatingfrom this thermo
ouple are denoted with �sample� in the following plots.All sensor data 
an be dire
tly re
orded on the PC 
onne
ted to the Jumo deiv
e.To be able to to so, the sensors have to be sele
ted for data re
ording. A line plotvisualization of the date is available unter the menu item �Startup� listed in the
ontrol software.2.1.2 MeasurementsFigure 14 shows the temperature deviations of setpoint and heating element withrespe
t to the sample for a typi
al temperature ramp of 1 Kelvin per minute. His-tograms of the di�eren
es Theater − Tsample and Tsample − Tsetpoint are shown in thebottom row of the panel. Gaussians �tted to these histograms are overlaid as dashedline and it is rather interesting that the temperature deviations are almost perfe
tlygaussian distributed. It 
an therefore be 
on
lude that the temperature 
ontrol loopis well fun
tioning with an overall pre
ision of approximately 0.21 K. The tempera-ture of the sample itself 
an be 
ontrolled to approximately 0.32 K a

ura
y.Results of the same experiment 
arried out with heating/
ooling rates of 5 Kelvinper minute are shown in �gure 15. Pre
ision of the temperature 
ontrol is redu
edto 0.34 K due to the in
reased slope of the temperature ramp. The 
ontrol loopseems to be working better in zeroing out the residuals at high heating/
oolingrates, though. Sin
e the bias is only 0.03 K the a

ura
y is about the same as inthe 1 Kelvin slope experiment.The large deviation between sample temperature and setpoint near the end of the
ooling 
y
le shown in �gure 15 is 
aused by the de
reasing 
ooling power. Using airat room temperature as 
ooling gas, the 
ooling power drasti
ally redu
es when the13
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Figure 14: Capillary oven heated/
ooled with 1 Kelvin per minute. The topmost�gure shows the ramp of the setpoint of the oven. Temperature deviationsare plotted in the �gures below. Histograms of the temperature deviationmeasured between sample and heating element (left), as well as sampleand setpoint (right), are shown in the bottom row of the panel.
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Figure 15: Capillary oven heated/
ooled with 5 Kelvin per minute. The topmost�gure shows the ramp of the setpoint of the oven. Temperature deviationsare plotted in the �gures below. Histograms of the temperature deviationmeasured between sample and heating element (left), as well as sampleand setpoint (right), are shown in the bottom row of the panel.
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2 Testing sample ovenssetpoint approa
hes room temperature and, as a 
onsequen
e, the sample simply
an not be 
ooled down fast enough.2.1.3 Estimation of the Time 
onstant of a heated 
apillaryThe energy needed to heat up the inner volume of a water �lled glass 
apillaryhast to pass through the 
apillary walls. Sin
e the heat 
ondu
tivity is �nite, a
onstant energy �ux produ
es a temperature gradient within the walls, that is thetemperature at the inner surfa
e and at the outer surfa
e of the 
apillary di�er. Anestimation of this temperature di�eren
e and the 
orresponding relaxation time issubje
t to the following 
al
ulations.Heat 
ondu
tion through a homogeneous medium is des
ribed by the equation
dQ

dt
= λA∇T. (2)

A is the area subje
t to transport of heat.Sin
e the wall thi
kness s is very small 
ompared to the radius, equation 2 sim-pli�es to
dQ

dt
= λ

A

s
(To − Ti) . (3)

To is the temperature at the outer surfa
e and Ti the temperature at the innersurfa
e of the 
apillary.Now we assume that all energy transported through the 
apillary walls is used toheat the water inside the 
apillary. Heat 
ondu
tion inside the water is assumed tobe in�nite, that is the temperature within the water is assumed to be homogeneous.With de�nition of the spe
i�
 heat
C =

dQ

dT
(4)follows for the energy 
hange of the water

dQ = CV dTi. (5)
PSfrag repla
ements

s = 0.01 mm

2r = 1 mm

Spe
i�
 heat of water C = 4.2 J
g KHeat 
ondu
tivity of glass λ = 0.76 W
m KHeat 
ondu
tivity of air λair = 0.026 W

mKFigure 16: Dimensions of the 
apillary.
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2 Testing sample ovensSolving equation 5 for dQ yields
dQ = λ

A

s
(To − Ti) dt. (6)Sin
e the energy is 
onserved, equation 5 and 6 have to yield equal results for dQ:

CV dTi = λ
A

s
(To − Ti) dt (7)To solve this di�erential equation, the substitution To − Ti = ∆T is used. Thisyields the repla
ement dTi = −d∆T :

−CV d∆T = λ
A

s
∆T dt (8)Now, the variables 
an be separated

d∆T

∆T
= −

λ

CV

A

s
dt (9)and integrated. In the last step the ratio surfa
e to volume ratio of a 
ylinder

A/V = 2/r was used.Solving for ∆T leads to the �nal result
∆T = const · exp

(

−2
λ

Crs
t

)

= const · e−γt (10)Putting in the numbers yields
γ =

2 · 7.6 × 10−4 W
mmK

0.5 mm · 4.2 × 10−3 J
mm3 K

· 0.01 mm

1

s
≈ 72

1

s
. (11)The time 
onstant of this system, de�ned as τ = 1/γ, is a

ordingly τ ≈ 14 ms.That is, the temperature di�eren
e between the inner and the outer surfa
e hasdropped to the part 1/e in approximately 14 millise
onds after swit
hing on theheating at the outer surfa
e. This 
al
ulation assumed an ideal heat transfer fromthe heating element (holder) to the surfa
e of the 
apillary. The heat 
ondu
tivity ofair is about 1/30 of the heat 
ondu
tivity if glass. A small gap between the holderand the 
apillary 
an easily de
rease total heat 
ondu
tivity by this fa
tor. Thetime 
onstant moves into the order of se
onds then. This is in good agreement withthe small temperature deviations seen in the experiments des
ribed in se
tion 2.1.2.2.1.4 Va
uum OvenAs the name already suggests, the va
uum sample oven is operated under va
uum.This is ne
essary in order to rea
h temperatures up to 400 ◦C. Apart from theva
uum, the operating prin
iple is the same as for the 
apillary oven. Usually the17



2 Testing sample ovenssamples are wrapped in very thin aluminium foil and are 
lamped on the 
opperblo
k for thermal 
onta
t.First tests of the sample oven with a PT-100 temperature sensor mounted on topof the aluminium foil were unsu

essful due to the large heat 
apa
ity of the sensor.Di�eren
es in temperature up to 40 K were observed between the PT-100 sensor andthe sensor of the heating element. The tiny 
onne
tion points between the ratherhuge sensor and the aluminium foil 
ould not support the heat transport in orderto heat the sensor su�
iently.In later experiments the PT-100 sensor was repla
ed by a tiny 0.15 mm thermo-
ouple pla
ed dire
tly inside the aluminium foil sandwi
h in 
lose proximity of thesample. Temperature di�eren
es of less than 5 K for heating rates of up to 10 K perminute were observed then.
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