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Abstract

A recent communication by Randzio [Thermochim. Acta 398 (2003) 75] was highly critical of the design and operation of a new commercial
instrument used to carry out pressure perturbation calorimetry (PPC), and questioned the accuracy of data obtained from the instrument. Each
of the technical objections by Randzio on design and operation is rebutted in this communication and data are presented to support the
performance and accuracy of the instrument. Direct comparison of coefficients of thermal expansion measured by PPC with corresponding
values obtained by density measurements on well-defined systems shows excellent agreement between the two methods within the accuracy
of the density data. In our opinion, there is no evidence to support Randzio’s criticism of the instrument’s design, operation, or accuracy.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

A commercial calorimeter, capable of carrying out pres-
sure perturbation calorimetry (PPC), was introduced several
years ago[1]. By measuring the differential heat produced
when small pressure changes (500 kPa) are applied above the
sample and reference solutions in a differential calorimeter,
it is possible to obtain precise estimates of the coefficient of
thermal expansionαP of the partial volume of solutes dis-
solved in solution at low concentration. The first publication
of results from this instrument was by Kujawa and Win-
nik [2], who determinedαP for poly(N-isopropylacrylamide)
and related polymers in H2O and D2O over a tempera-
ture range which included a thermal structural transition
whose volume change�VP was determined. In early 2002,
a paper from the manufacturer was published[3] which
provided more details on the design and operation of the in-
strument as well as results from numerous PPC studies on
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dilute protein solutions and individual amino acids in several
solvents.

Randzio published a communication in this journal[4]
which was critical of the PPC instrument, and of certain
procedures recommended by the manufacturer and used by
Kujawa and Winnik. He was also critical of the inadvertent
omission of reference to earlier studies by himself and oth-
ers where pressure changes were used as a variable in calori-
metric studies. Randzio did not directly cite the published
paper from the manufacturer[3] which provided more de-
tails on the PPC instrument, and which referenced his earlier
calorimetric studies.

In the abstract of his paper, Randzio states “The design
and operation of the commercial instrument used by Kujawa
and Winnik is shown to be flawed”. This conclusion was
drawn as the result of several lines of criticism developed
in the body of the paper which, in his opinion, lead to er-
rors of appreciable but unknown magnitude. We feel that all
the technical criticism offered by Randzio is unfounded, and
disagree with his contention regarding the design and oper-
ation of the instrument. Below is included a point-by-point
discussion of each of the negative technical points which he
raised.
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2. Discussion

2.1. Validity of Eq. (4)

Randzio states “. . .Kujawa and Winnik do not define the
limits of their thermal system. V in Eq. (4) in their paper is
incorrectly defined as” the volume of the system”. They do
not distinguish between the molar (or specific) volume of the
investigated sample and the volume in which it is confined”.

This criticism is difficult to understand. Eq. (4) is:Qrev =
−TVα �P . This was derived as a general expression and is
correct as described[2,3]. It applies to any liquid system
(pure or multi-component) of total volumeV. As the deriva-
tion continues in Eqs. (5)–(11), this general equation is ap-
plied directly to a two-component system and partial specific
volumes are then introduced in order to focus on the prop-
erties of the solute and the active volume of the calorimeter
cell.

2.2. Neglect of compressibility effects

In arriving at the final equations used to analyze PPC data,
it was assumed[2,3] that compressibility effects on solu-
tions can be neglected at the low pressures used (500 kPa).
Randzio criticizes this approximation with the implication
that pressure effects on molar volumes and thermal expan-
sion coefficients are too large to be neglected, and that one
must be concerned about changes in the mass of solution
in the active volume of the calorimeter cells caused by
compression of solutions. This criticism seems unfounded.
The compressibilities of pure liquids and dissolved solutes
are known to be small[5]. For example, water and aque-
ous solutions have isothermal compressibilities less than
∼50×10−8 kPa−1 at one normal atmosphere. The maximum
change in pressure of 500 kPa in PPC experiments thereby
leads to a change in mass (at constant volume) of just∼2.5
parts in 10,000 which will have insignificant effect on exper-
imentally derived parameters. Any differential effects from
compression that might arise from cell asymmetry will also
cancel from subtraction of the control heats (see below).

2.3. Mismatches between sample cell and reference cell

Randzio[4] points out that the active volumes of the sam-
ple cell and reference cell in the PPC instrument will not
be exactly equal so that the effect of solvent will not com-
pletely cancel in the differential experiment involving sam-
ple solution in the sample cell versus buffer in the reference
cell. This is certainly true, and is the reason why control
experiments (buffer in both cells) are always run to pro-
vide companion data to the real experiment. Results from
the control experiment under identical conditions are rou-
tinely subtracted point-by-point from the sample data, using
an automated procedure[3] in the manufacturer’s PPC soft-
ware for data analysis. After subtraction of the control data,
the results then correspond to the difference between sample

solution and buffer solution when each is runin the same
sample cell. Any small mismatch between the two cells is ir-
relevant and has no influence on the corrected data. This pro-
cedure of subtracting results from control experiments has
been used in ultrasensitive DSC studies for several decades
in order to correct for small differences in cell volumes.

Sharp peak seen in PPC raw data. When a pressure change
is applied to sample and reference solution during a differ-
ential PPC experiment, it is commonly observed[2,3] that
the resulting heat effect consists of two peaks; a fast sharp
spike usually of small area, followed by a slow broader peak.
Often, one of these peaks is exothermic while the other is
endothermic. Randzio[4] argues that this bimodal configu-
ration results from a mismatch (volume, response time, etc.)
between sample and reference cell, which in turn causes the
spike. This is probably the correct explanation[3], since any
small differences between the two cells are accentuated be-
cause the absolute heat given off in each cell can be hun-
dreds of time larger than the differential heat observed in the
baseline trace. The behavior of the sharp peak is consistent
with its being due to a small difference in the response time
of the differential sensor to heat changes in the sample cell
versus heat changes in the reference cell[3].

Randzio further concludes that the heat spike resulting
from cell mismatch is artifactual and thereby introduces er-
rors into the final data. His conclusion regarding errors in
the final data resulting from cell mismatch seems incorrect,
however, since (as discussed above) routine subtraction of
data from control experiments permits comparison of sam-
ple solution and buffer solutionin the same cell. It will also
be shown below (cf.Fig. 1) that identical data are obtained
in an experiment where the sample solution and buffer so-
lution are switched in location between the two cells as are
obtained with the two solutions in their normal location.
These data provide empirical confirmation that there is no
contribution from cell mismatch once control data have been
subtracted.

2.4. Adiabatic or isothermal?

Randzio states “The compression and decompression in
the experiments by Kujawa and Winnik was done rapidly
compared to the time constant of the calorimeter which
makes the process adiabatic and not isothermal as required
by the Maxwell relation. Thus at least part of the recorded
heat is described incorrectly by the equations used to ana-
lyze the data.”

While part of this statement is accurate, the conclusion is
not. Pressure changes are exerted quickly (1 s) relative to the
time constant of the instrument (∼10 s). Subsequent to the
pressure change, however, data is collected for a long pe-
riod of time (∼2 min) during which the peaks are recorded
and the baseline returns to the original equilibrium position
which existed prior to the pressure change. The entire pro-
cess from pre-pulse to post-equilibrium is isothermal and
not adiabatic, and this is the process for which the heat is
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Fig. 1. Heats obtained from two compression and decompression experiments (�P = ±70.0 psi) on a sample solution of 10.6 mg/ml ribonuclease A
(50 mM KAc, pH 5.5) from 5 to 90◦C. Open circles refer to experiment where sample solution is in the usual sample cell, while filled squares correspond
to experiment where sample solution is in the usual reference cell. Heats from a control experiment were subtracted from each data set prior to plotting.

obtained[2,3] by integration. Thermodynamic parameters,
such as heat change for a reversible process, depend only
on the initial and the final state and are independent of the
path taken between these two states, so that even if there is
an early adiabatic step it is of no consequence.

2.5. Measuring volume changes ∆VP for thermal
transitions

Randzio states “In first order transitions(∂V/∂T)P andαP
are discontinuous, and it is erroneous to write that one can
derive the coefficient of thermal expansion at the transition
from pressure-scanning calorimetric data.”

First order transitions, as defined by Hill[6] for small
systems in solution, are cooperative two-state transitions
where only the initial state and final state are involved in
equilibrium in the transition region. Thermal transitions
of some proteins are highly cooperative and fall into this
category[7,8]. Regardless of the degree of cooperativity, it
is impossible[6] for a small system under thermodynamic
control to display a discontinuous function of any kind. It is
well known that even two-state transitions of proteins, for
example, have finite values for derivative functions such as
thermal expansion and heat capacity. Coefficients of ther-
mal expansion can then be measured in the transition region
and integrated to determine volume changes�VP for the
transition, just as heat capacity has for many years been
measured throughout transitions and integrated to deter-
mine enthalpy changes�H for thermal transitions of small
systems.

2.6. Reversal of sample solution and reference solution

Most of the criticism by Randzio focused on errors which
might be introduced into the final results as a consequence
of unavoidable differences between sample cell and refer-
ence cell. These problems should be eliminated by subtrac-
tion of control runs, as noted above, and this is easy to
demonstrate empirically. Using a sample solution contain-
ing 10.6 mg/ml of ribonuclease A (50 mM potassium acetate
buffer, pH 5.5), two otherwise-identical experiments (�P=
±70.0 psi) were carried out in which the location of the sam-
ple solution and buffer solution were transposed between
the “sample cell” and “reference cell”. Results from these
two experiments are compared inFig. 1where the open cir-
cles correspond to heats obtained with the sample solution
in the usual sample cell and filled squares refer to results
with the sample solution in the usual reference cell. Prior to
plotting, both data sets were first corrected by subtracting
heats obtained from the control run with buffer in each cell.

Compression and decompression experiments were car-
ried out at 23 different temperatures from 5 to 90◦C. For
both data sets, points inFig. 1 are plotted corresponding to
the compression direction (�P= +70 psi) but the decom-
pression heats (�P= −70 psi) are also included with a sign
change. Under these buffer conditions, ribonuclease under-
goes a thermal unfolding transition exhibiting a very small
decrease in molar partial volume (�V= −0.29% ofV [3])
and this is reflected in the peak centered at 60◦C. Includ-
ing the compression and decompression data points at each
of the different temperatures, the average deviation between
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the corresponding points in the two data sets is 4.1�J. This
is less than 1% of the total change in heats (∼550�J) over
the temperature range examined.

It should be noted that the control heats (not shown) var-
ied systematically from+75�J at 5◦C to −10�J at 90◦C.
Without point-by-point subtraction of control heats, devi-
ations between the two data sets would be more than ten
times larger than found using the standard procedure involv-
ing subtraction. The conclusion to be drawn from these ex-
periments is that PPC heats resulting from cell asymmetry
are significant in size, but are satisfactorily eliminated by
routine subtraction of control heats as recommended by the
manufacturer.

2.7. Accuracy of PPC data

Randzio suggests that due to flaws in the commercial in-
strument and the recommended methodology, data obtained
from the instrument will have appreciable but unknown er-
ror. The ultimate test of the accuracy of an instrument is the
extent to which its data agree or disagree with prior results
that have been accepted as accurate and non-controversial.
It was reported earlier that the PPC method was used[3]
to measure the coefficient of thermal expansionα of pure
H2O over the temperature range 0–70◦C, by pressurizing
just the sample cell (H2O) in the differential calorimeter
and using the reference cell (H2O) only as a thermal ref-
erence. These PPC-derivedα values pass through zero at
the appropriate temperature (4.0◦C) and show an average
deviation of 0.025 × 10−4/◦ from density-derivedα val-
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Fig. 2. Coefficient of thermal expansion of D2O. Circles represent compression data and squares represent decompression data, obtained from pressure
perturbation of 300 kPa. The solid line is from Kell’s[9] equation based on density data.

ues of Kell which themselves have estimated uncertainty of
∼0.02 × 10−4/◦ [9]. The deviations between PPC-derived
and density-derivedα values correspond to a difference of
less than 0.5% of the totalα variation measured over the
PPC temperature range 0–70◦C.

Shown inFig. 2 are values ofα for D2O which were ob-
tained in a differential PPC experiment with D2O in the sam-
ple cell and H2O in the reference cell. In cases such as this
where the heat capacity of sample solution and reference so-
lution are significantly different, the two solvents were inde-
pendently calibrated in the calorimeter cell to attain highest
accuracy. PPC results were obtained at temperature intervals
of 5◦ over the range from 5◦C to nearly 100◦C. In Fig. 2,
the circles indicateα values obtained following compression
(�P = +300 kPa) while the squares indicate those obtained
following decompression (�P= −300 kPa). The solid line
represents density-derivedα values for D2O from the para-
metric equation of Kell[9] with estimated uncertainty of
∼0.04×10−4/◦. Theα values obtained by PPC agree nicely
with those from the density measurements, both passing
through zero at 11.2◦C and increasing to 7.5× 10−4/◦ at
the highest temperature. The average deviation of all 40 ex-
perimental PPC points from the Kell line is 0.034× 10−4/◦,
which again is less than 0.5% of the total measuredα vari-
ation over the entire temperature range.

Since net PPC heats are quite large in each of the above
two cases using pure solvents, these are not the best tests
of the limiting sensitivity and accuracy of the PPC method.
More critical assessment would come from comparison of
PPC-derived and density-derivedαP values for solutes in
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Fig. 3. Coefficient of thermal expansion of the partial volume of the tripeptide gly–gly–gly. Points are results from PPC compression experiment using
pressure perturbation of 225 kPa. The solid lines are calculated values from density data reported in ref.[11] for the upper line and reported in ref.[12]
for the lower line.

dilute solution where net heats are much smaller. The diffi-
culty in making such high-resolution comparisons, however,
is that precision achieved in differential density measure-
ments is substantially lower than in PPC measurements at
equivalent solute concentrations. Probably the most exten-
sive density data obtained at low solute concentration comes
from Hinz and co-workers[10–12]. They constructed a scan-
ning differential density instrument using two matched An-
ton Paar DMA 602 HT cells in combination with a DMA 60
measuring unit. The instrument automatically makes differ-
ential density readings at 0.1–0.2◦ intervals over the range
10–90◦C. They used this device to study a number of tripep-
tides dissolved in water at concentrations near 1%. The
relatively high precision of measurement allowed them to
express partial molar volumes in a three-term power series
in temperaturet (◦C)

VP = A + Bt + Ct2 (1)

From whichαP can be readily derived by differentiation

αP = B + 2Ct

A + Bt + Ct2
(2)

PPC results have previously been obtained[3] on two
of the tripeptides examined by Hinz under similar solution
conditions (solid tripeptides dissolved in distilled water at
∼1% concentration, no added electrolytes). The PPC re-
sults for gly–gly–gly are shown as filled symbols inFig. 3.
Note thatαP shows a strong temperature dependence, de-
creasing 10-fold from 2.2 × 10−3 at 5◦C to 0.2 × 10−3

near 100◦C. Data are sufficiently precise to determine val-
ues ofαP, (∂αP/∂T)P, and even(∂2αP/∂T 2)P. The large neg-

ative values for(∂αP/∂T)P and the large positive value for
(∂2αP/∂T 2)P were found to be typical of solutes which dis-
rupt water structure[3]. Groups which increase water struc-
ture (e.g., aliphatic sidechains of proteins) show contrasting
behavior with negative values ofαP at low temperature, large
positive value of the first temperature derivative ofαP and
large negative value of the second temperature derivative.

The Hinz group reported two slightly different sets of co-
efficients forEq. (1)for the tripeptide gly–gly–gly, offering
no explanation for the difference. The upper solid line in
Fig. 3is from their 1995 paper[11] while the lower solid line
is from their 1999 paper[12]. Since instrumental precision
limited them to the measurement of just three coefficients
in Eq. (1), the lines representingαP versus temperature in
Fig. 3 can have no significant curvature. No error analysis
of their parametric equations was provided. In the raw data
shown in theirFig. 1 [12], it can be seen that discrepancies
between identical scans and fluctuations within single scans
are substantially larger at the lowest temperatures 10–35◦C
in their measurement range and somewhat larger at the high-
est temperatures 80–90◦C. Overall agreement between their
results and the PPC-derived results seems very satisfactory
considering limitations in the density data, and particularly
good in the center of their measuring range 40–60◦C where
their parametric representation will be the most accurate.

We conclude that the agreement between these PPC-
derived and density-derivedαP values is probably within
errors of the density measurements over the 10–90◦C tem-
perature range. Had it been possible to extend accurate
density measurements down to 0◦C then the curvature seen
prominently in the PPC data inFig. 3 might have become
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Fig. 4. Coefficient of thermal expansion of the partial volume of the tripeptide gly–his–gly. The experimental points (four overlapping points at each
temperature) are PPC results from both compression (solid squares) and decompression cycles (open squares) for each of two separate experiments using
pressure perturbations of 500 kPa. The solid line is calculated from density data reported in ref.[12].

evident in the density measurements. The apparent pre-
cision of the PPC values substantially exceeds that level
of agreement between the two methods as seen from the
smoothness of the PPC curve inFig. 3. This is noteworthy
when one considers that in this experiment, at 50◦C for ex-
ample, absolute heats of∼18,000�J are produced in both
sample cell and reference cell while the net differential heat
measured is only∼120�J.

Similar representations of PPC data and density data for
the tripeptide gly–his–gly are shown inFig. 4. In contrast
to gly–gly–gly, there was only one set of density results
published for gly–his–gly[12]. Again, the agreement of
PPC-derived values with density-derived values seems quite
satisfactory, particularly over the mid-range temperatures
from 40 to 60◦C where parametric representation of the
density data will be most accurate.

3. Conclusions

The various technical points raised by Randzio[4] regard-
ing the design and operation of the PPC instrument have
been individually discussed above, and certain experimental
data examined in detail. We find no evidence to support his
contention that there are meaningful “flaws” in either the
instrument itself or in the method of data analysis. Compar-
ison of PPC data with existing density data shows excellent
agreement within the limitations of the density data. It would
seem that PPC is an accurate and convenient method for
measuring the volumetric properties of solutes in dilute solu-
tion. While Randzio and others have previously utilized high
pressure as a variable in calorimetric studies ([4,13,14]and

references therein), the present PPC instrument is novel in
being able to provide highly precise values ofαPfor solutes
in dilute solution. It can be particularly valuable for studying
proteins and other biopolymers in aqueous solution, since it
was shown thatαP provides information on important hy-
dration properties[3]. Moreover, the high PPC sensitivity
was shown to enable precise measurement of partial volume
changes as small as 0.1% of the total volume[3] for ther-
mal transitions of proteins, and such small changes cannot
be accurately determined from density measurements[10].
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