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We have developed a top-loading type adiabatic calorimeter which works in the temperature range
13–375 K. This calorimeter drastically reduces the time required for the sample setup~to ;10 min!
and enables us to set up samples at liquid nitrogen temperature~77 K!. The heat capacity of an
empty cell was measured in a test experiment. The imprecision of the heat capacity measurement
was60.2% at 13–30 K,60.1% at 30–50 K, and60.02% at above 50 K. These are as good as the
performance of any of the traditional adiabatic calorimeters. The heat capacity of
~1,3-propanediol!0.5~1,2-propanediamine!0.5 was measured in the temperature range 20–290 K and
the enthalpy relaxation in its glassy state was also measured nearTg(5178 K). Because of the
top-loading feature, fast-quenched samples prepared at 77 K outside the cryostat could be set up
without ever undergoing a temperature above 100 K. ©1998 American Institute of Physics.
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I. INTRODUCTION

The adiabatic calorimetry is one of the most power
and versatile methods for studying physical properties
condensed matter. It provides absolute values of the
capacity as a function of temperature with an imprecision
less than 0.1%. The Gibbs energy derived from the heat
pacity is a quantity of prime importance in chemical therm
dynamics, determining the relative stability of the phases
a substance. To this classical role of the adiabatic calorim
has been added a new type of thermal measurement to d
mine slow evolution of heat that takes place in 102– 106 s in
a sample kept under an adiabatic condition. This enables
to study thermodynamic aspects of various irreversi
changes such as glass transitions, crystallization, and p
separation.

The top-loading type cryostat is widely used in vario
low-temperature experiments, such as spectroscopic, ele
cal, or magnetic measurements. The merit of such a cryo
is that samples can be set up in the apparatus with a sim
operation and then cooled quickly down to the desired l
temperature, enhancing the efficiency of the low-tempera
experiments. This merit is quite substantial for the expe
ments at expensive public facilities, such as neutron sca
ing.

In the present context, the quick loading feature enab
us to do a new type of experiment in which the samp
prepared in advance at low temperatures are set up at
temperature. There are many interesting substances w
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can be studied only by the top-loading cryostat, e.g., crys
formed only at low temperatures or glassy states formed
der extreme conditions and quenched at low temperatu
etc.

Handa has constructed a top-loading Tian–Calvet h
flow calorimeter in 1984.1 He measured the heat capaciti
of various ice and clathrate hydrate systems prepared at
temperature and high pressure,2–4 but the temperature rang
was restricted to above 90 K and the accuracy of theCp

measurement was inherently limited by the principle of co
duction calorimetry. No top-loading adiabatic calorimet
has been constructed so far. This is because the follow
complicated structure of an adiabatic calorimeter have b
difficult to realize in the top-loading type cryostat;~i! the
sample cell is surrounded by double~inner and outer! adia-
batic shields,~ii ! the temperature differences between t
cell and the shields are detected by thermocouples,~iii ! there
are many thin electrical wires connected to the cell,~iv! most
parts of the cell, especially resistance thermometer, are
fragile. Therefore, such unstable samples as described a
have been studied only with special type adiabatic calor
eters based onin situ sample preparation.5–7

We have succeeded in developing a top-loading ad
batic calorimeter for the first time. The structure of the ca
rimeter and the result of the test experiment on the em
sample cell are described in Secs. II and III, respective
The heat capacity of~1,3-propanediol!0.5~1,2-propanedia-
mine!0.5 was measured in the temperature range 20–29
and the enthalpy relaxation in its glassy state was also m
sured nearTg(5178 K). These measurements were carr
out on glassy samples prepared by fast cooling to 77 K o
side the cryostat as well as on the samples stabilized in
cryostat. These are described in Sec. IV.
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II. STRUCTURE OF APPARATUS

A. Principle of the adiabatic control

The calorimetric measurement by the top-loading ap
ratus is based on the usual adiabatic principle.8 The heat
capacityCp is measured by determining the temperature
crementDT of the sample caused by electrically suppli
energyDE under an adiabatic condition;Cp5DE/DT. En-
thalpy relaxationDH(T,t) is measured by monitoring th
spontaneous temperature changedT/dt of the sample as a
function of time t under an adiabatic condition;DH(T,t)
5*Cp(dT/dt)dt. The adiabatic condition is achieved b
evacuating the space surrounding the sample cell and
trolling the temperature of the adiabatic shield to the sa
temperature as the cell.

In the traditional calorimeter, the temperature of the s
section of the inner adiabatic shield is controlled against
sample cell and the temperatures of the other sections o
shields against the side section. The temperature contr
done by a negative feedback mechanism using a ther
couple, a stable dc amplifier and a power amplifier. The
fore, the sample cell and shield are inevitably connected w
each other and with the cryostat by thermocouples and o
electrical wires. In a top-loading calorimeter, it is crucial
devise electric circuits that can be connected and disc
nected outside the cryostat for setting up of the experim
The present calorimeter therefore uses a new method fo
connection of the thermocouples for the adiabatic cont
Figure 1 shows the block diagram of the adiabatic cont
Cr, Co, Cu denote chromel, constantan, and copper w
respectively. The center stick and the cryostat are each
rounded by dotted lines. The sample cell, the top adiab
shield, and the block~thermal anchor! are included in the

FIG. 1. Block diagram of the adiabatic control system. Two regions s
rounded by dotted lines represent the center stick and the main body o
cryostat. Cr, Co, and Cu denote chromel, constantan, and copper wir
the thermocouples, respectively.
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center stick part, while the side, bottom, and outer adiab
shields are in the cryostat part. The top adiabatic shield
controlled against the cell (DT1) and the block against th
top adiabatic shield (DT2). All of the lead wires for the cell
heater and thermometer are introduced via the top shi
The bottom and outer adiabatic shields are controlled aga
the side shield as usual~DT4 andDT5, respectively!. The
crucial point of this system is that the temperature contro
the side shield is performed using a long thermocouple
connectable at the terminal box outside the cryostat as sh
in the figure (DT3).

B. Cryostat

Figure 2 shows schematic drawings of the center s
~I! and the cryostat main body~II !. Figure 3 is an expanded
view of the sample cell as positioned in the cryostat. T
pole of the center stick D is made of stainless steel tube~15
mmf!, which has good mechanical strength and low therm
conductivity. All of the lead wires pass through this tube a
are taken out of the cryostat at the hermetic seals A1 and
The cryostat is vacuum sealed by the flange C with a rub
O ring. The bellows B gives the flexibility necessary to pu
down the center stick for good mechanical and thermal c
tact between the thermal anchoring copper block G and

-
he
of

FIG. 2. Schematic drawing of the cryostat:~I! center stick,~II ! main body of
the cryostat.~A! Hermetic seal connectors,~B! bellows, ~C! flange, ~D!
center stick rod,~E! radiation shielding disks,~F! thermal anchors,~G! ther-
mal anchoring block,~H! outer adiabatic shields~H1: block, H2: outer!, ~J!
inner adiabatic shields~J1: top, J2: side, J3: bottom!, ~K! sample cell,~L! He
gas inlet,~M! vacuum cans,~N! refrigerant filling tube,~P! refrigerant gas
outlet,~Q! spiral tubes for cold refrigerant gas,~R! center-stick loading pipe,
~S! radiation shields,~T! refrigerant tank,~U! refrigerant,~V! heater wire for
refrigerant tank,~W! exhaust tubes.
Adiabatic calorimeter
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lower central edge of the refrigerant tank T. The disks E
radiation shields and F1 and F2 are thermal anchors for
lead wires. The block G suspends another block H1~for
thermal anchoring!, the top adiabatic shields J1 and th
sample cell K.

The inner space of the outer vacuum can M1 is pa
tioned into two spaces by the inner vacuum can M2. The
subspaces can be evacuated separately through W1 an
down to 1024 Pa by an oil diffusion pump and an oil rotar
pump. S1 and S2 are radiation shields made of alumin
with good thermal conductivity. The outer adiabatic shie
H2 are suspended from T and the inner adiabatic shield
from H2 with copper wires. All of the adiabatic shields~J1–
J3, H1, H2! are made of copper. They are gold plated
reduction of radiative heat transfer and for protection aga
tarnishing. The chromel–constantan thermocouple juncti
for the adiabatic control are fixed to each shield and block
described in the last section. The heater wires X are wo
pairwise to reduce inductive interference. The copper wire
works as a thermal link to release a small amount of h
from the inner shields to the outer shield. This is necess
for stable adiabatic control.

Low temperature is obtained by charging refrigerant
~liquid nitrogen or liquid helium! into the tank T through the
filling tube N. Vaporized refrigerant flows through the spir
tube Q wound on the center-stick loading pipe R and esca
through the exit P. This heat exchange mechanism red
the refrigerant consumption. The manganin heater wire V
energized when one wants to remove the refrigerant quic

The center stick is loaded into the inner space of M2 a
the pipe R while flow of helium gas from L prevents ambie
air from entering into the central channel. When the cen

FIG. 3. Expanded view around the sample cell:~G! thermal anchoring
block, ~H! outer adiabatic shields~H1: block, H2: outer!, ~J! inner adiabatic
shields~J1: top, J2: side, J3: bottom!, ~K! sample cell,~S! radiation shields,
~T! refrigerant tank,~U! refrigerant,~X! heater wire for adiabatic shields
~Y! copper wire.
Rev. Sci. Instrum., Vol. 69, No. 1, January 1998
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stick is positioned correctly, the cryostat is vacuum sealed
the flange C. The sample cell is cooled with heat-excha
helium gas down to a desired temperature and the hea
pacity measurement started.

C. Sample cell

Figure 4 shows a sketch of the sample cell, some part
which are cut open for the sake of visibility. The sample c
consists of two main parts;~I! cell cover and~II ! main body.
They are made of copper. The inner volume and mass
9.16 cm3 and 99.6010 g~cell cover: 43.2673 g, main body
56.3337 g!, respectively. The surface of the cell is go
plated for reduction of radiative heat transfer and for prot
tion against tarnishing.

The Rh–Fe resistance thermometer F~27 V at 273 K;
Oxford Instruments Ltd.! is fixed to the thermometer holde
G. The resistance is measured by the use of an autom
resistance bridge~ASL F700!. The thermometer was cali
brated on the temperature scale ITS-90.9 The calibration was
extended to 300–380 K against a standard platinum th
mometer~25 V at 273 K; Chino Corp.!. The calibration data
were polynomialized by the Chebyshev equation. Deviatio
from the best fit Chebyshev polynomial were with
61.5 mK (T,27 K), 62.5 mK (27 K,T,300 K), and
61.5 mK (T.300 K). The lead wires B of the thermomete

FIG. 4. Sketch of the sample cell:~A! lid of thermometer room,~B! lead
wires of thermometer,~C! thermal anchors,~D! hermetically sealed
feedthrough,~E! thermocouple sleeve,~F! Rh–Fe resistance thermomete
~G! thermometer holder,~H! clamp edges,~J! screws,~K! vanes,~L! man-
ganin heater wire,~M! lead wires of heater,~N! sample inlet hole,~P! plug,
~Q! gland nut,~R! pin connector.
181Adiabatic calorimeter
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are wound on the thermal anchor C2, soldered on a herm
cally sealed feedthrough D and then wound on another t
mal anchor C1. The ends of the wires B are connected to
terminals on the top adiabatic shield. The thermomete
enclosed with heat-exchange helium gas~105 Pa at 293 K!
by the lid A using an indium O ring and 12 screws. T
copper sleeve E accepts the thermocouple junction for
adiabatic control.

A manganin heater wire L~122V! is wound on the outer
surface of the body. The ends of the heater wire are c
nected to the pins of a connector R through copper wire
The electric current is supplied by a constant-current sou
The supplied energy is measured with a digital voltmeter
a clock in the computer. The six vanes K are fixed to
inner wall of the cell body to shorten the thermal path b
tween the heater and the sample.

D. Sample setting

The calorimeter is set up for an ordinary experiment
the following way. The sample is loaded through the hole
which is vacuum sealed mechanically with the plug P a
the gland nut Q. The main body is then connected to the
cover by a pair of the screws J1 and J2 clamping the ed
H1 and H2. The plug P and the part around the hole of
main body~N and H2! are made of copper–beryllium allo
which has high thermal conductivity and mechanic
strength. The pin connector R is finally inserted in its cou
terpart fixed at the top adiabatic shield.

When loading a sample at low temperatures, we us
large glove box~70 cm W370 cm D3200 cm H! installed at
the top of the cryostat. This box, filled with helium ga
covers the space around the center-stick inlet. The ce
stick is suspended inside the box from the ceiling. T
sample, which has been stored at low temperatures, is lo
into the sample cell immersed in liquid nitrogen. The cell
sealed in liquid nitrogen and then screwed quickly into
cell cover also cooled with liquid nitrogen. The cell is im
mersed into liquid nitrogen again and the pin connector
the heater is set up as described above. Finally, the ce
stick is inserted into the cryostat which is cooled in advan
to liquid nitrogen temperature. The experiment can thus
set up at low temperature since all the procedure is free f
indium sealing and soldering, which are time consuming a
very difficult to do at liquid nitrogen temperature.

III. HEAT CAPACITY OF EMPTY CELL

As a test experiment, the heat capacity of the cell c
taining helium gas~0.1 MPa at 290 K! was measured be
tween 13 and 375 K. The temperature increment of the h
capacity measurement was about 1 K at 13 K andincreased
progressively up to about 3 K at higher temperatures.

Figure 5 shows the heat capacity of the empty c
These data were fitted with 7–12th-order polynomial fun
tions in three ranges of temperature. Figure 6 gives the
cent deviation plot from the fitted curve. The deviations a
within 60.2% between 13 and 30 K,60.1% between 30
and 50 K, and60.02% above 50 K. This result indicates th
the precision of thenetheat capacity of a sample determin
182 Rev. Sci. Instrum., Vol. 69, No. 1, January 1998
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by this apparatus is better than 1% between 13 and 50 K
better than 0.1% above 50 K assuming that the heat capa
of the sample is 20% of the gross heat capacity. The pr
sion is the same as that of the best adiabatic calorime
Thus we have developed a top-loading adiabatic calorim
which has an equivalent performance to that of the tra
tional adiabatic calorimeter.

IV. HEAT CAPACITY AND ENTHALPY RELAXATION
OF „1,3-PROPANEDIOL …0.5„1,2-PROPANEDIAMINE …0.5

The structural relaxation in supercooled liquids a
glasses is one of the current topics in condensed matter p
ics and chemistry. One of the powerful methods to inve
gate this phenomenon is to measure irreversible enthalpy
laxations around a glass transition temperature, where
relaxation time is in the order of 102– 104 s. Such enthalpy
relaxations can be observed as a spontaneous temper
increase by use of an adiabatic calorimeter.10–15 It has been
pointed out that the measurement should be done not on
a function of temperature but also as a function of the rat
which the glassy sample was cooled. A glass prepared wi
higher cooling rate will have a higher fictive temperature16

and so have higher enthalpy and entropy, less density,
more disordered local structure. However, the experime

FIG. 5. Heat capacities of the empty cell.

FIG. 6. Deviation plot from the smoothed heat capacity curve of the em
cell.
Adiabatic calorimeter
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over a wide range of cooling rate have not been poss
since the maximum rate available in traditional adiaba
calorimeters is at most about 0.1 K s21.

By use of the present calorimeter, we have succeede
measuring the heat capacities and enthalpy relaxation
glassy samples prepared with cooling rates varied over
decades. The sample material was a recently fo
glass-forming molecular liquid ~1,3-propanediol!0.5

~1,2-propanediamine!0.5, which does not crystallize all ove
the temperature region betweenTg(5178 K) and fusion
temperature.17 This sample is abbreviated as PDO-PD
hereafter.

The details of the sample purification and mixing proc
dure are described elsewhere.17 The precise mole fraction o
the sample was ~1,3-propanediol!0.49903~1,2-propanedia-
mine!0.50097and the mass of the sample loaded in the sam
cell was 8.512 62 g~0.113 34 mol!. We have prepared thre
samples with different cooling rates: rapidly quenched gl
~RQG! ~cooling rate: 3 K s21 aroundTg!, normally quenched
glass~NQG! (131022 K s21), and slowly quenched glas
~SQG! (831024 K s21). The RQG sample was prepared b
immersing the filled sample cell into liquid nitrogen and th
loaded into the cryostat. This method is of course imposs
in traditional adiabatic calorimeters. Both NQG and SQ
samples were prepared by cooling the filled sample cell
side the cryostat as usual.

Figure 7 shows the heat capacities of the PDO-P
samples prepared with three different cooling rates. The h
capacity curves of the three samples were almost the s
including the portion at the glass transition temperature. H
capacity of a glass is directly related to its vibrational dens
of states except near the glass transition. Therefore, this
sult indicates that the vibrational states at higher frequenc
contributing to the present heat capacity, are not affec
much by the local structure and density.

Figure 8 shows the plot of the configurational entha
versus temperature. The steplike lines represent the enth
paths taken by the sample during the heat capacity meas
ments. The horizontal segments represent the tempera
increases caused by supplying energy and the vertical

FIG. 7. Heat capacities of the glassy and supercooled states
~1,3-propanediol!0.5~1,2-propanediamine!0.5 prepared by three different cool
ing rates. RQG (3 K s21): closed circles, NQG (131022 K s21): open
circles, SQG (831024 K s21): closed triangles.
Rev. Sci. Instrum., Vol. 69, No. 1, January 1998
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the exothermic enthalpy relaxations. The method to calcu
the relaxed enthalpy is described elsewhere.18 The curve
smoothly rising up to the right gives the hypothetical eq
librium configurational enthalpy derived by integrating th
heat capacity difference between the glassy and liquid sta
The point of intersection of the steplike line and equilibriu
curve corresponds to the glass transition temperature of e
sample. The zero ofDHc was taken at the glass transitio
temperature of RQG sample. As we expected, the total
thalpy relaxed in RQG was much larger than that of NQ
Interestingly and unexpectedly RQG started to relax far
low Tg while SQG did not relaxed up toTg . In adiabatic
calorimetry, the enthalpy relaxation starts at the tempera
where thea relaxation timeta reaches about 104 s. Hence
the present results have shown thatta~RQG!!ta~NQG!
!ta~SQG!, indicating that thea relaxation is drastically ac-
celerated by the disordered and/or less dense local struc
We are now analyzing this data and the similar data rece
obtained on glycerol19 by using the Adam–Gibbs theory20

which involves the effect of short-range ordering on thea
relaxation.
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