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ABSTRACT

A sample container system was developed, which consists of a sealed micro-ampoule
as the sample pressure vessel and a special ampoule cradle designed toc optimize heat
detection efficiency, reproducibility, baseline stability, and thermal responses. The heat
detection efficiency and thermal responses of the sample container system were deter-
mined and compared to those of others. The reproducibility of heat measurements has
been assessed using several common thermal standards and other chemicals. The inter-
pretation of heat measiirements by differential scanning calorimetry is also discussed.

INTRODUCTION

Because of the impact on the safety of manufacturing, transporting,
storing and processing chemicals, calorimetric evaluations of thermally ini-
tiated chemical reactions have been attracting much attention and interest.
This has led to the development of numerous new techniques [1]. Differen-
tial thermal analysis (DTA) [2] has been utilized in a routine manner in
many laboratories for the semi-quantitative assessment of the thermal sta-
bility of chemicals. Recently, a differential scanning calorimeter (DSC) has
been employed in the quantitative evaluation of not only heats of reaction
but also reaction kinetics [3,4]. However, for a reaction system containing
volatile components and/or releasing gaseous products, the conventional
commerical aluminum sample pan suffers from rupture, which makes the
quantitative evaluation of the DSC data very difficult. Furthermore, alu-
minum is known to be reactive toward many chemicals such as halogen-con-
taining compounds, strong acids, etc. This often leads to erroneous results.
Because of these drawbacks, several sample containers were developed for
different types of applications. They are: sealed stainless steel cells [5],
sealed glass capillary tube sample holders [6,7], Teflon® sealed metal cells
[8—10], adhesive bonded aluminum pans [11], flat base flint glass ampoules
[12] and the more recently developed sealed glass ampoule micro-reactors
[18] and commercial Perkin-Elmer O-ring sealed stainless steel pans. Sample
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holders containing polymeric materials are not suitable for calorimetric eval-
uation of many thermally initiated chemical reactions due to their tempera-
ture limitation.

The desirable characteristics of a sample container are: (1) being chemi-
cally mert; (2) having high calorimetric sensitivity; (3) providing quantita-
tive data; (4) being simple in operation; (5) being capable of withstanding
pressure build-up; (6) exhibiting fast thermal responses; and (7) giving stable
daily baselines. In this paper, several different types of sample containers,
based on the glass ampoule principle [13], are evaluated according to the
above criteria, and the results are discussed.

RESULTS AND DISCUSSIONS

The melting behaviour of indium is often used in evaluating the perfor-
mance of a DSC. The expected melting curve is shown in Fig. 1. The follow-
ing quantities are utilized in the evaluation of various sample containers:

(1) the initial temperature, 7,, the intercept temperature, 7,,., and the
final temperature, T, for the temperature lagging information;

(2) the slope of the leading linear portion of the melting curve, (T"—7T,,:)/a
(°C sec mecal™), for characterizing the thermal lag, where a is the energy
response in mcalsec™* at temperature T' on tie slope;

(8) the quantity, (T¢—T,)/h (°C sec mcal™?!), for defining peak broadening,
where # is the peak energy response in mcal sec™}; and

(4) the measured heat of melting, AH(mcal mg™!), for evaluating heat
transfe: efficiency.

As described in the experimental section, the temperature scale and the
sensitivity of the DSC employed were calibrated with indium in a commer-
cial aluminum pan at a temperature scanning rate of 5°C min~. Therefore,
for the various sample containers, all the quantities described above are
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Fig. 1. A typical melting curve used for evaluation of thermal responses.
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TABLE 1

The thermal responses of various sample containers

Technique Scanning T, Tint Ty Thermal  Peak AH,,
rate (°C  (°C) (°C) o)) lag broadening  (mcal
min~1) (°C sec (°C sec mg™!)

meal™1) mecal™1)

Al pan 5 156.8 157.0 160.0 0.551 1.96 6.85
10 156.8 157.3 162.0 0.573 2.59 6.96
20 157.6 158.0 166.5 0.563 3.65 7.07
202 155.6 156.3 159.3 0.357 1.31 4.28
Chiu’s {131} 5 159.83 160.0 171.5 5.78 37.0 4.86
micro-reactor 10 161.8 164.0 184.0 6.87 60.3 4,74
(Al) 20 166.3 168.0 193.3 10.3 78.75 3.10
Pand E 5 157.0 157.8 168.0 1.00 10.0 6.00
stainless 10 157.8 158.5 179.5 1.26 17.9 6.05
steel pan 20 159.3 159.8 189.1 1.20 19.7 6.39
DTAP 5 154.3 154.6 160.5 13.4 21.7 0.67
10 154.5 155.1 163.9 13.7 25.1 0.62
20 156.1 156.8 168.2 13.7 25.0 0.58
Flattened 5 157.8 158.0 164.8 3.37 8.96 5,98
base glass 10 158.0 159.0 169.0 4.18 11.2 5.70
ampoule 20 159.3 160.3 177.3 4.31 13.7 5.91
Flattened base 5 157.5 158.0 163.2 5.20 16.1 2.63
gold coated 10 158.0 159.0 167.8 5.61 23.0 2.57
glass ampoule 20 159.0 160.0 173.0 5.72 23.4 2.72
Glass ampoule 5 157.5 158.0 166.5 1.99 9.81 6.76
in double Al 10 158.0 158.8 173.0 2.15 13.2 6.79
cradle 20 160.0 160.4 181.5 2.29 16.3 6.35
102 156.8 157.5 164.8 1.39 6.34 4.94
Glass ampoule 5 156.8 157.8 165.0 1.99 8.80 6.76
in single Al 10 157.8 159.3 173.5 2.35 14.9 6.69
cradle 20 159.3 160.8 181.6 2.3 16.7 6.91
102 156.8 157.8 163.3 1.34 4.94 4.64
Glass ampoule 5 157.8 158.3 168.0 2.40 12.5 6.92
in double Ag 10 158.7 159.3 174.3 2.83 15.5 6.73
cradle 20 160.0 161.0 184.5 3.07 21.4 6 48
102 156.8 157.5 164.8 i.39 6.34 4.94
Glass ampoule 5 157.0 157.8 164.5 1.96 7.88 6.88
in single Ag 10 157.8 158.5 171.0 2.13 11.2 6.88
cradle 20 159.0 160.5 181.5 2.51 16.7 6.75
2 He flow

b Separate instrument.

compared on a common basis. The thermal responses of the aluminum pan,
Chiu’s micro-reactor [18], Perkin-Elmer’s stainless steel pan, DTA’s capillary
tube as well as the containers of different designs from the present work are
shown in Table 1 as compared to the aluminum pan. The micro-reactor
shows significant peak broadening and temperature and thermal lags. Only
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44—71% of the heat of melting
scanning rate. The thermal lag of the Perkin-Elmer’s stainless sieel pan was
found to be comparable to that of aluminum pans. However, the former
shows pronounced tailing or a slower return to the baseline than the latter.
This is reflected in the peak broadening measurements and the higher 7, and
is attributed to the large mass of the stainless steel pan.

Since the thermocouple pairs used in DTA and in DSC are different sets
of Type J thermocouples, it is very difficult to compare the temperature
measurements from the two techniques. However, the data shown in Table 1
clearly indicate the poor performance of DTA in thermal lag, peak broaden-
ing and heat transfer efficiency.

The use of a glass ampoule as a micro-reactor [13] is an excellent idea
because of its chemical inertness. The poor thermal responses of this reac-

+ wind aly hals d 4+ he 4 +a tha 1
tor reported above are believed to be due to the large mass of the ampoule

holder. The simplest way to improve its thermal responses is to eliminate the
ampoule holder and place the ampoule with its base flattened directly on the

DSC sensor. The result is also shown in Table 1. As expected, both the ther-
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. The heat transfer characteristics of a flattened base glass ampoule.
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mal responses and the heat transfer efficiency are significantly improved. As
the data indicated, an attempt, made to further improve the heat transfer
property with flattened base ampoule by coating it with gold, was not fruit-
ful. Even though the technique is so simple, the most undesirable feature is
the technical difficulty associated in flattening the base of the micro-ampoule
evenly in order to have good thermal contact with the DSC sensor. If the
base is not flattened evenly, the discrimination in sensing thermal activity
taking place at different locations of the base is evident. This is shown in
Fig. 2. Multiple peaks were observed for the melting of three different pieces
of indium. The shape of the multiple peaks is dependent on how the flat-
tened base ampoule was placed on the DSC sensor. Also shown in Fig. 2 is
the heat transfer efficiency of the glass ampoule. The heat transfer was
found to be only 37% when the sample was placed in the neck and improved
to 69% when the sample was moved inward close to the opening of the neck.
The efficiency reached ~100% when the sample was inside the ampoule.
Another problem was the difficulty in controlling the thickness of the base
during flattening. The effects of the thickness on heat transfer ana the melt-
ing curve of indium are shown in Fig. 8. The thicker the base, the less effi-
cient is the heat transfer and thus the broader is the melting curve.

Because of the drawbacks encountered with the flattened base glass am-
poule discussed above, a light-weight silver or aluminum cradle was utilized
as a heat transfer intermediate between the glass ampoule and the DSC sen-
sor. Thermal responses were evaluated for two different arrangements, either

1 ) Wt. of 170 u glass (AHpy) uncalibrated
ece

plates mg meal/mg
In melt curve
o 5.67
Ef" plece)  +13.190 5.43
Endo (] pieces) +21,045 4,75
d (3 pleces) +29.89 4,45

Fig. 3. The effect of the interface on the thermal response of a flattened base glass am-

poule at 20°C min™1.
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glass ampule
on a single Al cradle

He atm

Al pan

He atm

N, atm

Fig. 4. The effect of atmosphere on the thermal responses of the indium melting curve

placing the glass ampoule on a single cradle, or sandwiching it between two
cradles. The results are also shown in Table 1. It is clearly demonstrated that
the present designs exhibited faster thermal responses than the other types
of sample containers, and equal heat transfer efficiency to that of the con-
ventional aluminum pan.

Since helium is one of the best heat conducting gases, the thermal
responses were evaluated under the helium flow conditions. The data are
shown in Table 1 and Fig. 4. In every case studied, significant improvement
in thermal lag and the peak broadening was observed. The heat transfer effi-
ciency was decreased, however, conceivably because part of the heat was
transferred through the helium atmosphere instead of flowing between the
two DSC sensors.

The thermal responses of a glass ampoule on a single aluminum cradle
were also evaluated at various temperatures with use of tin and lead. The
results shown in Table 2 indicate that both the temperature scale and the
heats of melting are close to the reported literature values. In other words,
the technique shows uniform responses in temperature and heat transfer
efficiency. However, the data reveal a slight dependence of thermal lag and
peak broadening on the samples.

It is also highly desirable to have the calorimetric system reach its ther-
mal equilibrium as fast as possible. Shown in Fig. 5 are the dynamic responses
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of several sample containers at three different temperature scanning rates.
The conventional aluminum sample pans reach their thermal equilibrium
much faster than other sample containers. The single- and double-cradle-
glass ampoules also show an improved thermal response over the reported
micro-reactor system [13]. The improved thermal response is demonstrated
in Fig. 6 in a study of the thermal decomposition of di-n-butyl tin oxide.
Several sharp endothermic transitions and exothermic reactions were ob-
served. When the DSC was rescanned after the completion of the sample
decomposition, an endothermic peak corresponding to the melting of tin
was detected. It is obvious that tin was one of the thermal decomposition
products.

Since the sensors are fixed in DSC, the baseline stability is expected to be
better than the conventional DTA in routine analysis. When the single-
cradle-ampoules were used, the baseline stability over a 2-week period with
only vertical calorimetric offset adjustment is shown in Fig. 7. The data
clearly reveal the stability of the daily baselines.

The linear response of the glass ampoule technique is demonstrated in
Fig. 8 with the heat of melting of indium. The relative precision at the 95%
confidence level was found to be +14%.

The quantitative performance of the present cradle-glass ampoule tech-
nique was also evaluated for the thermal decomposition reactions of two
selected samples, N-methyl-N-nitroso-p-toluenesulfonamide, commercially
known as Diazald® and isopropyl peroxycarbonate in trichloroethylene.
The former is a solid sample and the latter a 4.6% solution. Their DSC curves
are shown in Figs. 9 and 10, respectively, along with the reproducibility
data. In both cases, the reproducibility including sampling steps was found
to be about +14%, which is also consistent with that revealed in the response
study described previously. Since isopropyl peroxycarbonate is unstable at
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Fig 5 The dynamic thermal responses of various sample containers at scanning rates of
(a) 5°C min™?, (b) 10°C min™?, and (c) 20°C min™!.

Fig. 6. The DSC curves of di-n-butyl tin oxide at 20°C min~!.
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Fig. 8. Response linearity of glass ampoule technique.

room temperature and sensitive to moisture, an unknown amount may
decompose during sample manipulation and therefore the heat of reaction
obtained here may not be an accurate value. The data shown in Figs. 9 and
10 also reveal that the heats of decomposition within the experimental preci-
sion do not depend on whether single or double cradles are used. For sim-
plicity in operation the single cradle is usually used.

Since a DSC experiment is carried out in a closed system and the sample
ampoule presents a large void volume, when 3—4 mg of sample are loaded
in a ~25 ul ampoule, the evaporation of liquid in the ampoule will cause a
continuous endothermic shift of the DSC curve from the baseline. The shift
results from the heat of vaporization and the change in heat capacity as a
function of the sample temperature and is quite pronounced for liquid with
high heat of evaporation and with heat capacity sensitive to temperature.
Shown in Fig. 11 are three model calculations from the steam table [14], of
the expected DSC curves for 0.5, 1.0 and 2.0 mg H,O in a 25 pl ampoule,
along with an experimental DSC curve for 0.581 mg H,O in a 23.7 pul am-
poule. The greater experimental initial shift from the baseline compared to
the calculated one is attributed to the heat capacity of imbalanced mass
between the reference and sample ampoules. Both the calculated and exper-
imental curves show a returmn at an elevated temperature to the vicinity of
the baseline and a levelling-off at higher temperature, indicating the comple-
tion of the evaporation process. The temperature at the point of retum
depends on the amount of sample loaded into the sample container. The
larger the amount of sample, the higher is the temperature until the critical
temperature is reached. This technique has been utilized as a means of deter-
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Fig. 11. The experimental and calculated DSC curves due to the evaporation of water.

mining critical temperatures [15], providing the sample container could
withstand the critical pressures. As an illustrative case, an aqueous solution
containing a reactant was subjected to a DSC study. The hypothetical DSC
curve is shown in Fig. 12. The initial drop and the steady decline of the DSC
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Fig. 12. A hypothetical DSC curve for an exothermic reaction of an aqueous solution (a)
and the associated enthalpy diagram (b).
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curve are mainly due to evaporation of H,O. The reactant undergoes an exo-
thermic reaction starting at 150°C and ending at 270°C. The evaporation of
the solvent is completed around 280°C. The line AB represents the exten-
sion of the heat required for evaporation, assuming no reactant is present in
the solution and the change in the heat capacities of the reactant and the
product(s) are negligible. For simplicity. the DSC curve can also be approx-
imately represented by a histogram. Since a DSC is an instrument for mea-
suring effective heat capacity, AC,, the heat or the enthalpy change, Ah
(in cal g1), can be determined from

Tg A T
Ah= [ (AC))ex dT=6—(:nEI_I—qS— [ ayat

To To

where E is the cell constant, Ag, the calorimetric sensitivity setting in cal-
(sec in)™', m the sample mass, H, the temperature scanning rate, Ay the
calorimetric deflection in inches from the baseline, Ty and T; the starting
and final temperatures, respectively. The histographically calculated enthalpy
changes as a function of final temperature are shown in Fig. 12b. Also shown
in Fig. 12b is the enthalpy change of the solvent without reactant in it, by
following line AB. Therefore the DSC sensible heat of reaction from 160 to
260°C is calculated to be 180 cal — 360 cal = —180 cal, and that of vapor-
ization to be 792 cal — 360 cal = +432 cal. Conventionally, the heat of reac-
tion 1s evaluated from the area bounded by the exothermic peak and the
Iinearly interpolated baseline, i.e. the area APB shown in Fig. 12a. In this
case, the heat of reaction is calculated tc be —612 cal, which is exactly the
difference between the DSC sensible heats of reaction and solvent vaporiza-
tion —180 cal — (+432 cal) = —612 cal. In a DSC run, both the heat of
vaporization and the changes in the heat capacities of reactant(s) and prod-
uct(s) can complicate the curve shape, but the method for evaluating the
heat of reaction remains the same as above. Brennan et al. [16] reported
and discussed an improved procedure for isolating the enthalpy change from
the heat capacity contributions. For a complex DSC curve resulting from a
complex reaction system, finding a true baseline free from the contributions
of heat capacity change and the heat of vaporization is a very difficult task.
In such a case, a gross error may be involved in the determination of ent-
halpy changes.

The heat of reaction determined by a dynamic calorimetric method is
often different from that determined by an isothermal calorimetric method.
For a DSC curve represented in a histographic form, the heat, Ah,, gener-
ated in a small section between T and T,,; can be calculated to be

Ahl = (f1+1 —fi)A'Hl

where f, and f,,, are the fractions of reactants at T, and T,.,, respectively,
and AH, is the isothermal heat of reaction at T,. The isothermal heat of reac-
tion, AH,, can be calculated from

Te
AHi=AHo+f AC, dt
To
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where AC, is the net change in the heat capacities of the reactant(s) and the
product(s) and AH, is the known heat of reaction at T,. The heat of reac-
tion, AH, determined from DSC, is thus

Ts
AH = ZAh, =Z(fs1 — f,) AHo + Z(fis1 — i) [ AC, dt = AHo+
To

1

T
AC,dT d
[ [ sc.arar

Q

Therefore the heats of reaction determined by the isothermal and dynamic
calorimetric methods are the same only if AC, = 0. This requirement is not
usually met. Therefore, care should be taken in the interpretation of the
heats of reaction by the above mentioned methods. Even for a first-order
reaction, the fraction of reactant reacted, f, is a complex function of temper-
ature, temperature scanning rate and the kinetic parameters of the reaction,
which makes the integration difficult [17].

EXPERIMENTAL

All of the experiments were carried out in a DuPont model 910 differen-
tial scanning calorimeter or a standard DuPont DTA cell driven by a DuPont

Fig. 13, Various DSC sample containers evaluated. (a) Commercial aluminum sample pan,
(b) Perkin-Elmer O-ring sealed stainless pan; (¢) glass ampoule micro-reactors; (d) cradie-
glass ampoule sample container, and (e) flattened base glass ampoules: gold coated (right)
non-coated (left).
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model 990 temperature programmer. The temperature scale and the calori-
metric sensitivity of the DSC unit was calibrated with indium in the commer-
cial aluminum pan at a scanning rate of 5°C min~!. The sample containers
evaluated in this work are shown in Fig. 13. Two types of glass ampoules
were employed in this study. The one purchased from Kontes of Ilinois,
Evanston, IL (K-897020) has a thicker wall and therefore withstands higher
pressure (~1800 psi vs. ~500 psi) than that from Wilmad Glass Co., Inc.
(No. 529). The breakage of the thicker wall ainpoule, due to the internal
pressure build-up from sample evaporation and/or decomposition, can cause
damage to the DSC cell base, while the potential damage from the thinner
wall is significantly less severe. All of the thermal responses reported in this
paper were measured with the thicker walled ampoule. An autcmatic sealing
device was constructed based on the principle of liquid-nitrogen cooling and
micro-torch sealing. Reproducible sealing at ~2 mnm above the neck position
was achieved with the use of this device. Whenever understanding of the
chemistry of the thermal reaction is desirable, the reaction can be quenched
at any selected temperature. The ampoule can be crushed in a sealed vial and
the reaction contents dissolved in a solvent for subsequent chromatographic
and/or spectroscopic analysis.
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