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Abstract

A method for the quantification of low levels of amorphous content of maltitol with hyper-DSC (high speed DSC) was developed. The
method is based on the fact that the change of specific hegf) @ he glass transition is linearly proportional to the amorphous content.
Twelve synthetic mixtures with various degrees of crystalline and amorphous maltitol were preyp@gahs determined at both fictive and
half point glass transition temperature and equation&foy as a function of amorphicity were calculated. The limit of detection (LOD) and
the limit of quantification (LOQ) values were 0.313% (amorphicity) and 1.04% for fictive temperature and 0.107 and 0.358% for half point
temperature, respectively. In addition, instrumental sensitivity and detection limit were determined. The calculated LOD value for a heating
rate of 100C min~* and a 10 mg sample was 0.001%. It was noticed that the preparation of amorphous maltitol was the weakest point in the
quantification of low amorphous levels in maltitol. The influence of annealing time and the heating/cooling rat&@y s studied. The
influence of moisture was discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction There is a wide variety of different DSC techniques.
Conventional DSC is based on a linear heating rate. In tem-
Quantification of residual amorphous content is an im- perature modulated DSC (TMDSC) a small sinusoidal tem-
portant and difficult problem and many techniques have perature modulation is applied to the sample in addition to
been used to solve [t1,2]. X-ray powder diffraction is a  the usual linear ramp. In the newest technique, hyper-DSC,
method used to study crystallinity and polymorphism. The controlled fast heating and cooling rates of’8min—1 up
determination of amorphous content with X-rays is based to 500°C min~1 are used3]. This significantly increases
on background absorption. As the absorption signal is small the sensitivity because the increased scan rate leads to
compared with the intensity of peaks in a crystalline sample, higher heat flow. Whereas amorphous character can be diffi-
this method is not very sensitive for that purpose. Thermal cult to detect in highly crystalline solids using conventional
methods have also been used for amorphous content deterBSC technique, hyper-DSC can show glass transitions with
mination. In differential scanning calorimetry (DSC), the much increased sensitivity and less tif8¢
determination is traditionally based on the determination Amorphous materials may exist as solid glasses or
of melting entalphy. When the melting entalphy of a 100% liquid-like rubbers. The transition between these states is
crystalline sample is known, amorphicity is determined as a second-order change in phase, which occurs at the glass
the difference between a 100% crystalline sample and thetransition temperaturéy [4]. There are at least three ways
test sample. In this technique a minor amorphous contentto determinely. Standardly is the temperature correspond-
causes a small change in the total signal, and consequently iing to the point on the heat flow curve where the specific
is difficult to detect with confidendg]. In DSC, amorphous  heat change is 50% of the change in the complete transi-
content can also be determined directly from the change oftion. This is the temperature at which the heat capacity is
specific heat capacity (Af} at glass transition region. midway between the liquid and glassy stdtels The glass
transition can also be taken as the inflection point of the
DSC curve associated with the glass transition. If a high
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H,OH also been determinef#,7,13,14]. In experimental work
CH,OH T maltitol has occurred only in one form (no polymorphism
o HOCH was observed). In addition, no trace of recrystallization
OH ‘ was detected in the glass transition range during the mea-
on OCH surementg7]. Once melted, maltitol can be undercooled
OH ‘ without further cold crystallizatiofl 4].
HCOH Maltitol and its glass transition have been discussed in
HoCH Fhe literature and different techniques have been usc_ad in
‘ its study. Lebrun and Miltenburdfl3] used an adiabatic
CH,OH calorimeter to measure the heat capacity of maltitol in all

condensed states (liquid, metastable liquid, solid and glass).
Fig. 1. Molecular structure of maltitol. They also determined the change of the heat capacity at
and the temperature dependence of the configurational en-
tropy [13]. Bustin and Descami44] used MDSC to study
point of the DSC curve can change from the real inflection the glass transition of maltitol. Claudy et @] used con-
point of the glass transition. The fictive temperature refers ventional DSC to study the influence of the annealing on
to the point on the enthalpy curve where the change of slopethe glass transition temperature of maltitol glass. Also we
occurs[6]. The enthalpy curve is the integral of the specific discuss maltitol and its glass transition in this study but
heat curve. The fictive temperature is the intersection of the our approach is different. In this work we studied some of
extrapolated pre-transition and post-transition baselines onthe factors that influence the magnitude of the specific heat
the enthalpy curve. change at the glass transition region. All the articles quoted
The ACpis linearly proportional to the amorphous content  report only the values dfy and ACp, but our study demon-
in case that the amorphous glasses are in the same state. Thatrated that the temperature at which €, is calculated
largest change in the specific heat is equal to the differenceinfluences the results. On the basis of these observations we
of crystalline and rubber states. When the glass transition isdeveloped a method of quantification of low levels of amor-
used for the quantification of the amorphous content, there phous content in maltitol.
has to be a reference material. A starting point for the de-
velopment of this method is to ensure that the change of the
specific heat of a 100% amorphous sample is reproducible.2. Experimental
Many things influenceACp. Glasses are known to change
their properties when annealed at below their glass transition  Crystalline maltitol (Lot M010803) was obtained from
temperature. The release of the relaxation enthalpy that fol- Danisco Sweeteners and its purity was 99.8% (determined
lows the glass transition corresponds to the enthalpy differ- by HPLC by Danisco Sweeteners).
ence between the annealed and the quenched (non-annealed) Amorphous maltitol was prepared from crystalline
glasg[7]. Different cooling rates produce glasses of different maltitol by melting it in an oven at 168C (mp 150°C) and
degree of order. The structure of non-annealed glass is closekeeping it at that temperature for 15 min. The degradation
to the structure of liquid state and the change of specific heattemperature of maltitol was checked with TG before the
is smaller for non-annealed than annealed dlakdn addi- preparation of amorphous maltitol. The bright and colour-
tion, the glass transition temperatures of amorphous sugardess liquid was poured on to a cooled metal plate and the
and sugar alcohols are extremely sensitive to water. The dif- plate was put in a desiccator. The desiccator was refrigerated
ferences between reportdg values for the same sugar of at 5°C at least for 1 h. The final product (glass) was glassy
sugar alcohol are probably due to residual water in samples,“pearls.” After cooling, amorphous maltitol was crushed in
differences in sample handling techniques, and differencesa porcelain mortar. Amorphous maltitol powder was stored
in techniques used to measurg[8,9]. in a desiccator overf®s at 5°C. Experiments showed that
The aim of this study was to find out if it is possible to the powder started to crystallize if it was stored outside the
develop a method for the quantification of the low levels desiccator at room temperature; the change started in a cou-
of amorphous content of sugars and sugar alcohols. Theple of hours. The moisture content of crystalline maltitol
method was based on the specific heat change in the glassvas measured with TG but that of amorphous maltitol was
transition region measured by hyper-DSC. The test samplenot measured.
chosen was maltitol (4-O-A-p-glucopyranosyl-p-glucitol: The DSC measurements were carried out on a Perkin-
C12H22011). The molecular structure of maltitol is shown in  EImer DSC Diamond using 50 aluminium sample cups
Fig. 1. The crystal structure of maltitol has been determined with capillary holes. The temperature calibration was carried
by X-ray diffraction[10—-12]. Some thermodynamic data for out by deionized water, indium (Indium Reference Material,
maltitol were found in the literature (the melting tempera- PE P/N 0319-0033) and zinc (Zinc Reference Material, PE
ture and the heat of fusiofd,7,12—15]. The glass transition ~P/N 0319-0036), and the heat flow was calibrated by the
temperature and the change in specific heat capacity havamelting enthalpy of indium or by the specific heat of sap-
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phire (Sapphire Disc Standard, 0219-0136 REV C, Heat Kit, C, method. The temperature range was 0-X6&nd the
QTY 1 10-25-95). The specific heat method used the spe-heating rate was 1 min~1. The annealing temperature
cific heat of sapphire over a user-defined temperature rangewas 40°C and the time 60 min for annealed glass. The
The baseline and sample curves were measured and the cakquations for crystalline, liquid amorphous and annealed
ibration was then built automatically. The calibration was amorphous materials were calculated from the specific heat
checked before running samples by measuring the meltingcurves.
enthalpy of indium at same heating rate as the proper mea- Synthetic mixtures were prepared by weighing known
surements were done. All measured glass transition temper-quantities of amorphous and crystalline maltitol at various
atures were corrected for thermal lag (0.056 min). Indium ratios (0.1, 0.5, 1, 5, 7.5, 10, 15, 20, 25, 50, 75 (w/w) amor-
was measured by different heating rates. The onset valuegphous content) and by mixing them thoroughly in a porcelain
as function of heating rate were drawn and the linear re- mortar. In addition, approaching 100 and 0% amorphous
gression was calculated. The thermal lag was the slope ofsamples were used. Crystalline samples were dried and
the regression curve. In final values, the heating rate wasstored over POs before and between preparing synthetic
noticed before correction was done. mixtures. The amorphous powder was also stored ips P

For the determination of the effect of the heating or cool- desiccator at 5C; however, a remarkable problem was noted
ing rate on the glass transition temperature and the changen preparing synthetic mixtures. The desiccator was moved
of the specific heat capacity a different test series was per-from a refrigerator (5C) to the room temperature (22)
formed. Measurements were obtained in a series of coolingat the beginning of the work. The amorphicity was checked
and heating cycles without removing the sample from DSC. by DSC (no melting peaks were noticed) before the prepara-
The sample weight was about 5mg. Amorphous maltitol tion of mixtures was started. As the synthetic mixtures were
was produced in DSC by heating crystalline compound not stable, the mixtures were done one at the time and mea-
above the melting point to 16% before the measurements. sured immediately. Two to five parallel measurements were
The temperature range was 0—X@ Heating and cooling  taken at each test point. The sample weights were 8—10 mg.
rates were changed. The influence of annealing@g was The temperature range wasl0 to 100°C. The annealing
investigated. The annealing temperature wasCl(14]. time was 60 min and the temperature°@ The following
The annealing times 35 and 60 min were tested. In addition, temperature program was used to run the experiments:
the heat flow and specific heat calibration methods were .
tested. The time temperature sequence of the experiment$l) hold for 1min at 30C, -
is shown inFig. 2and the parameters of different series are (2) heat from 30 to 40C at 10°C min™,
shown inTable 1. (3) hold for 60 min at 40C,

The specific heat curves were determined for crystalline (4) €ool from 40 t0—-10°C at 10°Cmin~4,
maltitol, quenched (non-annealed) glass, and annealed glas<®) hold for 1 min at-10°C,

i1
The measurements were done using a classical three-curvé®) heat from—10to 100°C at 100°C min~=,
(7) hold for 1 min at 100C.
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Fig. 2. The time—temperature sequenceAs?, measurements.
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Table 1

The measuring methods for the determinationAd,

Series Cooling rate {C min—1) Heating rate {C min—1) Annealing time (min) Calibration method|
1 1, 5, 10, 50, 100 10 0 1
2 1, 5, 10, 50, 100 100 0 1
3 10 1, 5, 10, 50, 100 0 1
4 100 1, 5, 10, 50, 100 0 1
5a 2, 5, 10, 25, 50, 70, 100, 200 10 0 1
5b 2, 5, 10, 25, 50, 70, 100, 200 10 35 1
6 2, 5, 10, 25, 50, 70, 100, 200 10 60 1
7 2, 5, 10, 25, 50, 70, 100, 200 10 60 2

a Heat flow calibration done by (1) the melting enthalpy of indium and calibration heating fatenin1; (2) the specific heat of sapphire and
calibration heating rate 1@ min—2.

3. Results and discussion The change of cooling rate does not influence the half point
temperature. The effect of heating rate on the heat flow data
3.1. The change of the specific heat at glass transition is illustrated inFig. 4.

On the basis offable 2, the fictive temperature should

The fictive temperature, half point temperature, the spe- increase when cooling rate increases. However, the fictive
cific heat change and the relaxation enthalpy were calculatedtemperature does not change in series 5b, 6 andidbie 3
(Fig. 3). The results offy and AC, studies are irTables although cooling rate changes. In fact, the fictive temperature
2 and 3. It is possible to draw the following conclusions depends on the relaxation enthalpy instead of the cooling
from these tables. The fictive glass transition temperaturerate. A high relaxation enthalpy lowers the fictive temper-
is lower than the corresponding half point temperature. In- ature. The changes of specific heat values are nearly equal
creasing the heating rate changes both values to higher temfor both fictive and half point temperatures.
peratures nearly in the same way in the quenched {jldss Annealing causes th&Cy, at Ty to become more sta-
This observation is in conflict with the literature concerning ble but there is still some dispersion between the dif-
fictive temperature, which in all cases describes the fictive ferent measurements at different cooling rates (series
temperature as being independent of heating rate and only5). At longer annealing time (series 6AC, at Ty be-
dependent on cooling raf&6,17]. Here the reason for this comes more and more constant between different mea-
anomalous fictive temperature behaviour is different amount surements. The onset temperature of the half point glass
of annealing under the glass transition. When heating rate istransition moves to higher temperature as annealing time
increased, onset and end temperatures of the glass transitioncreases. The enthalpy of the relaxation peak changes as
move to higher temperatures due to the thermal resistancewell.

Endo Up

Enthalpy curve

Relaxation peak

Delta Cp

Tg: Half Cp Extrapolated

Heat flow curve

Tg: Fictive temperature

Temperature / °C

Fig. 3. Calculated parameters. Fictive temperature reports the point on enthalpy curve where the change of slope odCylesxttigiblated reports the
point on heat flow curve where the specific heat change is half on the change in the complete transition. Relaxation enthalpy was calculated from the
area of the relaxation peak.
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Table 2
The effect of heating/cooling rate o~C,. Measuring methods are ifable 1
Series Cooling/heating rate  Fictive temperature Half point temperature Relaxation
(°Cmin1)2 T 11 o 1g-1 1
g (°C) ACy, Jg K™ Ty (°C) ACy, Jg-K™) Onset (C) Peak {C) AH (Jg)
1 1 43.08 0.52 48.51 0.56 50.38 52.69 2.54
5 45.32 0.51 48.19 0.53 50.18 52.19 1.17
10 46.15 0.50 48.38 0.50 50.18 52.20 0.89
50 46.65 0.44 48.55 0.46 50.36 52.37 0.67
100 47.44 0.52 48.83 0.51 50.69 52.37 0.50
2 1 47.78 0.70 56.31 0.66 58.11 61.03 491
5 49.68 0.66 54.91 0.62 56.83 59.77 2.66
10 50.47 0.61 54.70 0.58 56.59 59.45 1.98
50 51.61 0.61 54.12 0.61 56.77 59.38 0.88
100 52.64 0.45 54.90 0.43 56.84 59.28 0.84
3 1 47.08 0.65 47.02 0.67
5 45.27 0.50 47.07 0.49 48.81 50.82 0.66
10 45.78 0.58 47.99 0.57 49.88 52.00 0.84
50 48.05 0.60 51.94 0.57 53.87 56.40 1.68
100 50.28 0.65 54.76 0.64 56.91 59.77 2.04
4 1 46.18 1.11 46.10 1.08
5 45.69 0.59 46.83 0.61 49.13 50.89 0.49
10 46.69 0.63 48.07 0.63 50.53 52.21 0.44
50 50.18 0.57 52.09 0.55 54.89 56.58 0.67
100 53.84 0.52 55.59 0.48 58.63 60.31 0.57

@ Cooling rate in series 1 and 2, heating rate in series 3 and 4.

In the series 1-6 the calibration was done at a heating rateat the same parameter as was used in measurements. The heat
of 2°Cmin~1 and the heat flow calibration was carried out flow calibration carried out with the specific heat of sapphire
with the melting enthalpy change of indium. The apparatus gave a better baseline for the hyper-DSC technique. After a
was calibrated again, now at a heating rate of@énin—1, new calibration (series 7) it was noticed that eight different
and the heat flow was calibrated with the specific heat of cooling rates gave almost the same results. The outcome was
sapphire. It was noticed that it was better to do a calibration a measuring program, which produced a constag}, at

heating rate
- 1 OC /mln
35 4
7777777 5 °C/min
—~ E 10 °C/min
% I 50 °C/min
S S T 100 °C/min
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C -
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S 254
E P I
: | ., o .
% ’/‘/ N, \;<><<_/'/V/
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6 ¥
- | -
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Fig. 4. The effect of heating rate on the heat flow data. Raw data is from series 3 (no baseline correction).
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Table 3
The effect of annealing time and calibration method &8, (measuring methods are ifable 1)
Annealing time  Cooling rate Fictive temperature Half point temperature Relaxation
(min) (°Cmin™1) B o1 - o1 1
g (°C) ACy, Jg+K™) Ty (°C) ACy, Jg K™ Onset (C) Peak {C) AH Jg)
0 (series 5a) 2 42.92 0.52 47.64 0.54 49.81 52.39 1.92
5 44.80 0.54 47.98 0.53 49.90 52.23 1.22
10 44.97 0.52 47.86 0.52 49.88 52.15 1.02
25 46.15 0.51 48.35 0.50 50.29 52.22 0.72
50 46.81 0.58 48.51 0.57 50.63 52.39 0.50
75 46.61 0.53 48.49 0.53 50.55 52.31 0.55
100 46.62 0.58 48.35 0.59 50.63 52.40 0.52
200 46.36 0.54 48.33 0.54 50.47 52.40 0.59
Mean 45.65 0.54 48.19 0.54 50.27 52.31 0.88
S.D. 1.34 0.03 0.32 0.03 0.35 0.10 0.49
35 (series 5b) 2 42.31 0.59 48.85 0.64 50.97 53.22 343
5 41.23 0.50 48.53 0.56 50.68 53.05 3.42
10 41.12 0.51 48.49 0.54 50.62 53.05 3.39
25 42.06 0.56 48.59 0.58 50.66 53.04 3.13
50 41.97 0.56 48.60 0.58 50.56 52.88 3.23
75 41.36 0.52 48.39 0.56 50.53 52.89 3.29
100 42.47 0.60 48.56 0.61 50.61 52.89 3.10
200 42.56 0.60 48.59 0.62 50.64 52.89 3.04
Mean 41.88 0.56 48.57 0.58 50.66 52.99 3.25
S.D. 0.57 0.04 0.13 0.03 0.14 0.12 0.15
60 (series &) 2 41.91 0.59 49.17 0.57 51.32 53.56 3.72
5 41.52 0.56 48.92 0.56 51.22 53.40 3.65
10 41.51 0.56 48.83 0.60 51.15 53.39 3.66
25 41.13 0.54 48.59 0.60 51.08 53.40 3.56
50 40.77 0.51 48.61 0.58 51.06 53.40 3.53
75 41.91 0.59 48.71 0.63 51.09 53.40 3.46
100 41.88 0.57 48.85 0.59 51.08 53.40 3.45
200 41.80 0.56 48.90 0.58 51.08 53.40 3.47
Mean 41.55 0.56 48.82 0.59 51.13 53.42 3.56
S.D. 0.42 0.03 0.19 0.02 0.09 0.06 0.10
60 (series A 2 41.65 0.60 49.03 0.56 51.16 53.23 3.76
5 42.02 0.61 48.88 0.57 51.19 53.05 3.64
10 41.70 0.61 48.87 0.59 51.15 53.05 3.61
25 41.93 0.60 49.09 0.56 51.13 53.05 3.72
50 42.11 0.61 49.09 0.57 51.18 53.06 3.61
75 41.98 0.61 49.03 0.58 51.33 53.06 3.63
100 41.96 0.61 49.06 0.57 51.33 53.06 3.65
200 42.00 0.61 49.09 0.57 51.28 53.06 3.63
Mean 41.91 0.61 49.01 0.57 51.21 53.08 3.66
S.D. 0.17 0.01 0.09 0.01 0.09 0.07 0.06

@ Heat flow calibration done by the melting enthalpy of indium in series 6 and by the specific heat of sapphire in series 7.

Tg. Therefore it was concluded that the method was suitable the fictive and 0706+ 0.035Jg 1K~ for the half point
for the measurements of synthetic mixtures of amorphous temperature. The values @C, are higher than in series
and crystalline maltitol. Faster heating rates were used for 7 (Table 3). The main reason is probably moisture because
synthetic mixtures because of the increased sensitivity.  the crystalline maltitol used was now dried just before mea-
Six parallel measurements were made for 100% amor- surement and in series 7 it was done earlier. The moisture
phous maltitol to study the precision of the measurements. reducesAC,. The results of series 7 refer to maltitol pre-
Preparation of amorphous samples was done in DSC by heatserved in the usual temperature and moisture of room and
ing above the melting point (15€C) and thereafter cooling  those inTable 4refer to dried samples under carefully con-
them to the glass phase in the same way for all samples.irolled conditions.
Crystalline maltitol was dried over;®s before measure- The reported values of thermodynamic data of maltitol
ments. The results are ifable 4. The mean oAC, for are given inTable 5. In the values given for this work, dried
six parallel measurements wag'@7+ 0.029Jg* K~ for sample means that crystalline maltitol had been dried over
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Table 4
The results of parallel measurements of 100% amorphous sample

Sample weight Fictive temperature Half point temperature Relaxation

m

(mg) Ty (°C) ACp, Jg iK™ Ty (°C) ACp, Jg iK™ Onset {C) Peak {C) AH Jgh
1 4.648 41.85 0.75 52.64 0.73 54.53 57.89 6.49
2 4.896 42.52 0.73 52.96 0.70 56.19 57.87 5.81
3 5.190 42.15 0.67 52.95 0.64 54.49 57.84 6.34
4 5.066 42.22 0.74 52.84 0.72 56.15 57.84 5.72
5 5.314 42.19 0.75 52.91 0.74 56.18 57.56 6.20
6 5.410 42.63 0.73 53.01 0.69 56.15 57.83 5.96
Mean 42.26 0.73 52.89 0.71 55.61 57.80 6.09
S.D. 0.28 0.03 0.13 0.04 0.86 0.12 0.31

Amorphous maltitol was produced in DSC by heating the crystalline compound above its melting point before measurements. Crystalline maltitol was
dried over BOs before measurements.

P>Os just before measurements and non-dried sample meanseat of annealed glass is higher than the specific heat of
that there was no additional drying before measurements.crystal. According to Claudy et aJ7] maltitol molecules
Although the values ofy andAC,, vary a little between dif- are associated in the liquid state:

ferent references, they are comparable with our results. All

these values refer to annealed samples. Lebrun MiltenburgmM < Mp,

[13] and Claudy et al[7] obtained values oAC, that are Th iati involve hvd der Waals bond
equal to our results for dried samples determined by the half ese associations Involve hydrogen orvan dervvaals bond-

point method. On the other hand, the values of RS ing. Th_es? molecular associations can further associate in

and Bustin and Descam$4] are close to our values for annealing:

non-dried samples. M+ Mim < M)z, . » M1+ Mam < (Mmn),

3.2. Specific heat measurements The structure of the quenched glass is same as the rubber

state. The annealed glass is more organised especially over

The experimental specific heat curves for crystalline, short distances but it lacks the long-distance order of the

non-annealed (quenched), and annealed amorphous samnsrystal structure.

ples are shown ifrig. 5. Specific heat is due mainly to on The specific heat curves for crystalline, annealed amor-

intramolecular and intermolecular vibrations in solid glass phous glass and amorphous rubber samples were calculated

and crystalline state. There is also translation movement in[13]. The software used was Microcal Origit8]. The re-

rubber and liquid state. Therefore these specific heats aresult is given in the following three equations and correlation

higher than the specific heats of solid state. On the other coefficients:

hand, the specific heat of quenched glass is higher than the

specific heat of annealed glass, and analogously, the specifi€p (Crystalling = 1.138+ 0.004617 (C), R = 0.9996

Table 5
Literature values of glass transition temperaturg),(the change of specific heahC,), melting peak () and the heat of fusion (AH)
Method Ty (°C) ACp, Jg iK™ Tm (°C) AH Agh Reference
Hyper-DSC
Dried sample 1508 164.4 This work
Fictive 42.3 0.73 This work
Half point 52.9 0.71 This work
Non-dried sample 150.6 162.2 This work
Fictive 41.9 0.61 This work
Half point 49.0 0.57 This work
Adiabatic calorimeter 38 0.707 147 159.9 Lebrun and Miltenburd13]
Modulated DSC 49 0.610 147 156.8 Bustin Descamp$§l4]
DSC 50 0.72 145 - Claudy et al.[7]
DSC 44 0.56 149 147 Roos[4]
DsSC - - 147 164 Ohno and Hirad12]

Literature values given in Jmot K1 have been converted to J3K~1 in this table.
a Heating rate 2C min—1, peak temperature.
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Fig. 5. The experimental specific heat curves for crystalline, non-annealed amorphous and annealed amorphous maltitol.

Cp (annealed amorphous glass) mixtures changed in storage. Three to six parallel points
— 1.264+ 0.005667 (C), R = 0.9994 were measured of every lot, but it was noticed that some of
the results were incorrect as a result of too long storage time.
That became evident by examining how long the mixture
Cp (amorphous rubbegr was stored before the measurements. A significant effect was
— 2.070+ 0.00315¢ ¢C), R = 0.9953 also caused by the length of the time the amorphous maltitol
was stored before the mixture was prepared. The results
The dependence of the specific heat on temperature is ob-of the changed mixtures were rejected and the remaining
tained by calculatingC, at different temperatures near the points were used to calculate average and standard deviation
glass transition temperature. As can be seefainle 6, the values for every lot. For comparison, the glass transition
temperature influences the values. There is a difference betemperature and the specific heat change were calculated for
tween the values but the variation is not very large. The both fictive and half point temperatures. The change of the
hypothetical maximum change G, is the difference be-  specific heat at the glass transition temperature as a function
tween the crystalline and amorphous rubber states. In addi-of the amorphicity and the linear regression lines wkh
tion, a difference between amorphous rubber and annealedcorrelation coefficient) values are illustratedrig. 6. The
amorphous glass has been calculated. These calculated valkequations are:
ues correspond to the values of measured 100% annealed
amorphous sample. Fictive temperature :
ACp = 0.00214+ 0.00702<, R =0.997
3.3. Synthetic mixtures
Difficulty was experienced with the synthetic mixtures alf pointtemperature :
of crystalline and glass maltitol because the composition of ACp = 0.001534- 0.00682<, R = 0.996

Table 6

The effect of temperature on the calculated specific heat and the theoretical change of specific heat at glass transition region
Temperature °C) Calculated specific heat (JHK—1) Difference (JgltK~1)2

Crystalline Annealed amorphous glass Amorphous rubber 1 2

30 1.277 1.434 2.164 0.888 0.730
35 1.300 1.463 2.180 0.881 0.718
40 1.323 1.491 2.196 0.873 0.705
45 1.346 1.519 2.212 0.866 0.692
50 1.369 1.547 2.227 0.859 0.680
55 1.392 1.576 2.243 0.851 0.667

a Difference 1= the theoretical change of specific heat of rubber and crystalline; differercéh@ theoretical change of specific heat of rubber and
annealed amorphous glass.
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Fig. 6. Average and standard deviation values of the change of specific heat at glass transition temperature as function of amorphicity. For comparison,
the glass transition temperature and the specific heat change were calculated for both (A) fictive and (B) half point temperatures.

Both correlation coefficients are good. This means that values were obtained by calculating the theoretical linear
different synthetic mixtures give results that follow the same regression line between the average values given by 100%
linear trend. There was no significant difference in the results amorphous sample (precision studies) and zero and by cal-

at fictive and half point temperatures. culating the corresponding values of different amorphous
From the regression lines we obtain the numerical in- content from the equation. As can be seeffable 7, there
formation for constant®, a, s, and s, using well-known is no significant difference in thaC, values of fictive and
equations[19]. LOD and LOQ values are calculated us- half point temperature. It can also be seen that experimental
ing the equations{; = 3s,/b for LOD and X = 10s,/b and calculatedACy, values are quite similar. Experimental

for LOQ. LOD and LOQ values for the fictive temperature values for low amorphous content are too large. This is re-

(so = 7.341x 10~4, b = 0.0070) are 0.313% (amorphic-  sult from the difficulty in preparing synthetic mixtures with

ity) and 1.04% and for the half point temperaturg & a small amorphous content. Standard deviations in experi-

3.2444x 104, b = 0.0068) 0.107 and 0.358%, respectively. mental values are small except at a high amorphous content.
In Table 7, theAC,, values are given as a function of the

amorphous content. The experimental average and standard.4. Instrumental sensitivity and detection limit

deviation values oACy, are equal to values obtained from

measurements of synthetic mixtures. For comparison there No standard way exists for measuring the sensitivity of

are two calculated values. The first values were calculatedDSC peaks or glass transitions. The Dutch Society for Ther-

from the linear equation of synthetic mixtures. The second mal Analysis (TAWN) has developed tests to measure the
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Table 7

Comparison between experimental and calculatét) values

Amorphous content (%) Experimental CalculatedACp (Jg 1K)

ACp, g iK™ S.D. Jglk1 Regression line of Regression line of
synthetic mixtures theoretical values

Fictive temperature
100 0.630 0.146 0.704 0.727
75 0.465 0.039 0.529 0.545
50 0.344 0.054 0.353 0.364
25 0.218 0.020 0.178 0.182
20 0.138 0.020 0.143 0.145
15 0.101 0.008 0.107 0.109
10 0.073 0.001 0.072 0.073
7.5 0.052 0.008 0.055 0.055
5.2 0.034 0.004 0.039 0.038
1 0.008 0.001 0.009 0.007
0.5 0.009 0.003 0.006 0.004
0.1 0.005 0.002 0.003 0.001

Half point temperature
100 0.708 0.095 0.684 0.706
75 0.503 0.016 0.513 0.530
50 0.344 0.043 0.343 0.353
25 0.211 0.017 0.172 0.177
20 0.158 0.021 0.138 0.141
15 0.098 0.011 0.104 0.106
10 0.072 0.002 0.070 0.071
7.5 0.053 0.019 0.053 0.053
5.2 0.036 0.007 0.037 0.037
1 0.008 0.000 0.008 0.007
0.5 0.009 0.003 0.005 0.004
0.1 0.005 0.002 0.002 0.001

The regression line of theoretical values is the theoretical linear regression between the average values given by 100% amorphous sample (precisic
studies) and zero (0% amorphous sample).

resolution and the sensitivity of DS{20]. On the basis  were two maltitol samples, 0.900 and 0.646 mg, which
of their procedure we developed our own test to measureaverage values are ifable 8. The system noise and heat
the sensitivity of our DSC. We took a small maltitol sam- flow drift were studied by performing measurements with
ple and melted it. The quenched glass was annealed andan empty cup. The limit of detection was calculated by
the glass transition was measured with different heating requiring the sensitivity to be-1. Also a percentage limit
rates. The change of the heat flow of the glass transition was calculated using a 10 mg sample.
was obtained as the difference of two straight lines, which  The manufacturer had performed a baseline test of our
represent the mean line before and after the glass transinew DSC and they reported the results together with their
tions. Parallel to these lines two other lines were drawn limits of acceptance (in parenthesis). The heat flow drift
such that all recorded data points were included betweenat 350°C was 3.QuW (<40pW) and isothermal noise at
these two lines before or after the glass transition. The dif- 350°C was 1.2uW (<8.0p.W). These values are near our
ference of these lines gave the sum of noise and heat flowvalues at the heating rate°C min—1. With higher heat-
drift. ing rates the heat flow drifts were reduced significantly and
The results of the sensitivity test are presentetable 8. also noise was somewhat smaller. Simultaneously, the inten-
The heating rates used were 1, 10 and ¥Dénin—1. There sity of the glass transition signal increased. Therefore it is

Table 8
The results of sensitivity tesa is the average heat flow of two maltitol sampledss the added values of noise and heat flow drift determined by using
an empty cup and samples, aafh is a measure of the sensitivity

Heating rate {C min—1) Empty cup Sample Detection limit
b (kW) a (pW) b (kW) a/b () (%)
1 7.33 34 581 5.8 0.13 1.3
10 0.53 74 0.56 130 0.005 0.05
100 0.07 1070 0.14 7640 0.0001 0.001

Detection limit (%) is calculated for 10-mg sample.
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possible get good sensitivity and also a low detection limit ers. We also thank P. Robinson (Perkin-Elmer) for valuable

with high-speed heating.
Comparing the value of detection limit of heating rate
100°C min~! (Table 8) with experimental LOD value, it is

advice for the determination of instrumental sensitivity.
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