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Measurement of the depression of the freezing point of a
sample is often used to determine its purity. Some of the
problems associated with the definition of the purity of a
substance have been discussed by Smit (7). He stresses that
it is inadequate to specify only the fraction (usually mole
percent) of the main component present, for identification of
the impurities and investigation of their mode of incorporation
in the solid and the nature of the melt formed are essential.
Freezing-point depression calculations are usually based on
the assumption that solid solutions are not formed and that
the melt is an ideal solution. The practical aim of purity de-
terminations is usually to decide whether the sample meets
certain specifications which are determined by the intended
further uses of the sample. Purity determination by cryoscopy
was put on a more quantitative basis in the method of mea-
suring the enthalpy of premelting (2) of a substance as a
function of temperature, introduced by Johnston and Giaugque
(3). Large sample masses were used and long periods were
required for establishment of thermal equilibrium. Both
factors have been dramatically reduced (4) by the develop-
ment of differential scanning calorimetry (DSC).

In differential scanning calorimetry (5) the energy required
to maintain both a sample and an inert reference material at
the same temperature throughout a programmed temperature
change is recorded. During melting, energy has to be supplied
to the sample. A melting endotherm for a pure substance is
illustrated in Figure 1. Ty is the freezing point of the sample,
and the area ABC is proportional to the enthalpy of melting,
AH ¢ of the sample. The presence of an impurity in the
sample (the solvent) generally lowers the freezing point of the
solvent and also broadens the melting range, giving a broader
DSC endotherm as illustrated in the inset in Figure 2. From
endotherms such as illustrated in Figures 1 and 2, freezing
points and enthalpies of melting may be determined readily.
With more effort an estimate of the purity of a compound can
be obtained, from analysis of the detailed shape of its melting
endotherm, for example, Figure 2, without reference to com-
pounds containing known amounts of impurities. The method
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Figure 1. Idealized DSC record of melting of 0.01 mmol of very pure indium metal
(heating rate, ¢ = 1K min~"). The slope of AB (= 1/R,) is used to correct for
thermal lag. T, is the melting point. Area ABC represents the enthalpy of melting,
AH! . 2a is the maximum value of the apparent heat capacity of this ref-
erence material (see text).
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Determination of Purity by
Differential Scanning Calorimetry (DSC)

is only satisfactorily applied for impurity levels below about
3 mole per cent.

Such an exercise has several educational advantages. It
concentrates attention on some aspects of the thermody-
namics of melting which are not often covered in detail in
lecture courses. The experimental result, that is, lowering of
the freezing point by impurities, is well known from intro-
ductory laboratory sessions, but is seen here in a new light with
theory providing an “absolute” route to determination of
sample purity. Attention is also focused on one of the impor-
tant techniques of thermal analysis, DSC, and its versatility
for estimating thermodynamic properties.

Since differential scanning calorimeters may not be widely
accessible, data and references are provided to enable the
exercise to be carried out as a “dry-lab” experiment.

The Melting Process

The simplest system to consider is that in which the im-
purity does not go into solid solution with the solvent, but
forms an ideal solution in the melt, that is, a eutectic system.
If the impurity is labelled, in the customary way, as compo-
nent 2 and the solvent as component 1, then freezing-point
depression calculations are based (6) on the expression for the
mole fraction of solute (impurity) in the equilibrium melt at
temperature, T'

(1)

vy = K [1 T
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where mfwm is the standard molar enthalpy of melting of
the pure solvent, assumed to be independent of temperature
over the range, and T\ is the freezing point of the pure sol-
vent.

At the unique temperature T'= T, the freezing point of the
impure sample, the mole fraction of impurity is given by
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Figure 2. Idealized DSC record of melting of 0.01 mmol of an impure sample
of phenacetin (heating rate, ¢ = 1 K min~'). The slope of YB (= slope of AB
in Fig. 1) is used to correct the programmed temperature, Tp, to the sample
temperature, Ts. (Ts = Tp — YW). T is the freezing point. The area ABC rep-
resents the enthalpy of melting of phenacetin, AH,, ;. The fraction melted,
Fn, at temperature, T, is equal to (area ADE/(area ABC)). zg is the maximum
value of the apparent heat capacity of the sample (see text).
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Figure 3. Low concentration region (x, <0.05) of a simple eutectic phase di-
agram (inset). By the lever rule: BC/AB = ngyjig/ Miquie. C is the composition of
the melt in equilibrium with pure solid at T. Here x, > x,. The fraction of sample
melted F = n/(ns + n) = AB/(AB+ BC) = AB/AC = X,/ Xz.

If the depression of the freezing point, ATy, is small, ', ~ T
so that T, Ty ~ T,2. Also xo = no/(n; + ny) ~ mM,/1000,
where m is the molarity of solute and M; the molar mass of
the solvent. Hence

RT2 M,

A= lumpentth
| RHY . (1000)

l m=Ks-m
where Ky is termed the cryoscopic constant.

The above relationships apply only to low impurity levels
(x2 < 0.03), that is, to the extremity of the liquidus curve, PQ,
of the simple eutectic phase diagram (Figure 3, inset), shown
on a much enlarged scale in Figure 3.

Only when the sample is completely melted, at T > Ty, is
the mole fraction of impurity in the liquid, x o, the same as that
in the original sample, x»*. The value x* is the minimum
value which x, attains. At T’ < Ty, when the fraction of sample
that has melted, F, is less than unity, x» > xo*. Assuming a
linear initial segment of the liquidus curve, PQ, and using eqn.
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Rearrangement yields
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(3)

T=T,—- (4)
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If F can be determined at various temperatures, 7', a plot of
T against 1/F should yield a straight line, provided that
AH] .1 is independent of temperature. If the values of T', and
AHY, .1 are known, x»* can be determined from the measured
slope of the line. The DSC curve is capable of providing values
of F at temperatures T for use in such a plot.

The DSC Meilting Curve

The DSC measures the rate of thermal energy transfer,
dH/dt, to or from the sample as the temperature of the sample
holder, T, is changed at a constant rate, dT'/dt = ¢. Thus the
output from the DSC is directly proportional to the apparent
heat capacity of the system, dH/dT.

dH _dH dT _ dH

At 4T " de *TadT
For an absolutely pure compound with zero melting range,
dH/dT would become infinite at the melting point, T,. For
an impure compound, dH/dT is finite and is a function of
74

When the fraction melted, F, is zero, the apparent heat
capacity of the sample is that of the solid mixture, and when
F = 1 the apparent heat capacity of the sample is that of the
ideal solution. Intermediate behavior is obtained as follows

(5)

dH dH dF

dT ~dF " dT
dF/dT is obtained from eqn. (3) as
dF _ xRT?

AT~ AHlg(To = T)

It is assumed also, because of the restriction to consideration
of ideal eutectic systems and to the formation of ideal solu-
tions on melting, that

H(F) = AHY g, - F
therefore
dH/dF = AH® o,

Combining these results
dH _  x;RT? )
dT (T,-T)?
Equation (6) then gives the variation of the apparent heat
capacity of the sample during melting, as a function of T. The
'upper limit of the melting process is T' = T¢ (when F' = 1).
Therefore, from eqn. (4),
x3RT?
melzeu.l

The lower limit of the melting process is T' << T',, when
dH/AT ~ 23R = C,

The apparent heat capacity of the sample is approximately
constant. In the idealized DSC curves given in Figures 1 and
2, it has been assumed that the heat capacity of the liquid just
above the melting temperature is the same as that of the solid
at lower temperatures (both equal to Cy).

Since dH/dt is proportional to dH/dT, plots of dH/dT
against T' represent the initial part of an idealized DSC
melting curve. Such curves for phenacetin and for benzamide,
with values of xo* from 0.0050 to 0.3000, have been given by
Marti, et al. (4, 6).

The real DSC melting curve, because of factors such as
thermal lag, which is discussed in more detail below, will look
more like the curve in Figure 2, inset. The total area under the
curve, the area ABC, is proportional to the enthalpy of fusion,
AH", 1.1 The actual value of AH”, ), | can be obtained by cal-
ibration (8) of the instrument with a standard of known
AH/{ .; (Fig. 1). The feature sought for the present discussion,
the fraction of the sample melted, F, at temperature T', is
obtained directly from the fractional area under the curve,

F = (area ADE)/(area ABC).

The range of F values used in practice is usually restricted to
0.1 < F <0.4. Even with this restricted range, the linearity of
plots of T against 1/F (eqn. (4)) is often poor. Corrections have
to be made for thermal lag and for undetected premelting, as
discussed below.

Tr=To~

Thermal Lag

Flow of thermal energy from the holder at the programmed
temperature, T'p, to the sample at a slightly lower tempera-
ture, T's, is governed by Newton’s law of cooling

dH
dr
where R, is the thermal resistance. The value of R, for the
instrument may be obtained (9) from the melting curve of a
high purity standard (Fig. 1). This will melt over a very narrow
temperature range so that, as the programmed temperature
continues to increase with time, the sample temperature, T's,
will remain constant, thus dTs/dt = 0. From eqn. (7)

dTe _dTs_ , d [dH]

Tp—Tg= Ry (7)
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and
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thus R, may be determined from the slope, AB, of the DSC
melting curve for the high purity standard (Fig. 1). The value
of R, is then used graphically or analytically to correct the
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programmed temperature, T'p, to the true sample tempera-
ture, Ts. T's then, rather than T'p, is plotted against 1/F.

Undetermined Premelting

Even with correction for thermal lag, the linearity of the
plots of T's against 1/F is often not good. Melting actually
begins at the eutectic temperature (line VW on Fig. 3, inset),
which may be far below the range of temperatures being ex-
amined. Corrections thus have to be made to the measured
areas, for melting which has occurred at lower temperatures
and which is difficult or impossible to measure. This is evident
in the small but cumulatively significant deviation from the
ideal baseline illustrated in Figure 2.

If the undetermined area under the curve is ¢, the measured
partial areas up to temperature 7,7, ... Ty are ay,aq. . . ap,
respectively, and the measured total area is A, the true value
of F,, is:

Fo=(a,+ /(A +e
or
1/Fy=(A+e)f(an+¢) = Alla, + ¢,

since A > ¢ so the effect of including ¢ is to reduce the value
of 1/F,, see Figure 4.

In practice € is treated as a parameter whose value is ad-
justed so that a plot of T's against the corrected 1/F is linear.
The restraints are that the final value of (A + €) should cor-
respond to the correct value of AHY,y,; (if known) and that
the value of T',, determined from the intercept on the T'g axis,
should be correct. Once these conditions have been met, the
value of xo* (= slope X AH",; ,/RT?) and hence the purity of
the sample can be determined. The correction, ¢, may some-
times be quite large and values of as much as 30% of the total
area are not uncommon (10). Obviously the approximation,
A + € ~ A, then cannot be used.

The whole procedure for purity determination is summa-
rized in the flowchart (Fig. 5). Computer programs for these
calculations have been described (4, 7, 11). Cooksey and Hill
(12) have suggested an alternative procedure for data analysis
in which ¢ and AH |, ; are eliminated from the calculation and
the areas, a,,, are replaced by the ordinates, P,. Modifications
have been suggested also for impurity levels greater than 2%
(13); for systems where AH' . ; varies with temperature or
composition (4, 10), and for systems where the impurity forms
a solid solution (4, 14).

Similar determinations have been carried out using adia-
batic calorimetry (15).

Figure 4. Correction for undetermined premelting: an allowance, ¢, is made for
the area under the curve which has not been accounted for. The fraction of
sample melted, F, is equal to (a + ¢)/(A + €), where a is the area measured upto
temperature Tg, and A is the total area under the curve. The effect of various
values of 100 ¢/ A are shown.
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Preparation of the DSC Curves

The DSC curves in Figures 1 and 2 represent idealized scans on
equimolar quantities (say 0.01 mmol) of very pure indium and of
phenacetin, respectively, under identical conditions of chart speed,
recorder sensitivity and heating rate. A constant heating rate ¢ =
dT/dt = 1 K min~! was chosen so that dH/d¢ = dH/dT. Both curves
were constructed.in two parts: the region up to the maximum, and the
return to the baseline. The return to the baseline is represented by
an exponential decay (14). For very pure indium (relative atomic mass
= 114.8; T, = 429.8 K; AH? i1, = 3.36 kJ mol~! (8)) the rise to the
maximum is taken as linear, that is, dH/dt = ¢t/R,fromt =0at T
= T\, to ¢ = t max at the peak (14), see Figure 1. If the maximum value
of dH /dt is zg, the return to the baseline is represented by

dH/dt’ = zge ~Krt'

where t’ = { — { max and Kg = 1/(R,Cr), and where Cp, is the apparent
heat capacity of the reference material (indium) and R, is the thermal
resistance (see above). The values of zi and t,,., are obtained from
the condition

Area under peak = AH %10 = (Ro2%/2¢) + 2rR,Cr (8)

once values for Cg and R, have been decided upon (see below).

Figure 2, for impure phenacetin (relative molar mass 179.2) was
constructed on the basis of data given by Marti (4) (T, = 407.0 £ 0.3
K; AHY a1y = 32.4 % 1.3 kJ mol™!) and for an impurity content, x,*
= 0.05. (Note that this is a higher content than would normally be
treated in practice). At this impurity level, Ty = 404.88 K and this
would be the true sample temperature, T's, at the maximum of the
melting endotherm. The maximum ordinate of the endotherm
(dH/dt)max = zs. The initial part of the DSC curve was then deter-
mined from eqn. (6) as a plot of dH/d¢ against ¢ (or T's) up to { yay at
Tg = T = 404.88 K. Cumulative areas at each T's may be determined
by integration of eqn. (6). At T'= T, the cumulative area corresponds
10 95.3% of AH,;; and zs = 153 mJ min~1. The return to the baseline
is

dH/dt’ = zge~Kst’

where t’ =t — ax and Kg = 1/(R,('g) and where Cg is the apparent
heat capacity of the sample. The area of this “tail” should thus be 4.7%
of AHY .1, so that
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Figure 5. Flowchart representing the procedure used in purity determination by
DSC. AH% ;= AH gy, 1.
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As the values of Cg and Cg affect mainly the vertical displacements

of the DSC curves, it was considered adequate for the present pur-

poses to take Cs = Cr = 1 mJ K™}, so that Kg = Kr/R,. From eqn.

(9) then, R, = 0.0993 K min mJ~1, and from eqn. (8), zg = 72.9 mJ

min~! (and hence ¢ nax in Figure 1 is 0.724 min).

The final step in the construction of Figure 2 is to introduce thermal
lag (see earlier) into the temperature scale. Line YB (Fig. 2) is con-
structed with the same slope (= 1/R,) as line AB in Figure 1. Point
Y represents the freezing point (sample completely melted) T't, and
should read 404.88 K. Because of thermal lag this value and the whole
true sample temperature scale, T's, will be increased to the pro-
grammed temperature, Tp, by a temperature interval YW,

Tp=Ts+ YW

A complete table of data for this system is available from the au-
thor.

Other DSC curves may be synthesized by varying the impurity
content, xo*, or for other systems, using the appropriate values of
AHY,., and T, Alternatively, actual DSC curves, preferably obtained
using the systems so fully studied by Marti (4, 7) may be supplied to
the student.
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