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a b s t r a c t

Acetaminophen is known to crystallize in three polymorphic forms. Thermally induced transformations
between the crystalline forms and the super-cooled liquid have been observed by differential scanning
calorimetry (DSC), but the assignment of calorimetric transitions to specific polymorphic transforma-
tions remains challenging, because the transition temperatures for several transformations are close to
one another, and the characteristics of the observed transitions depend on experimental variables that
are often poorly controlled. This paper demonstrates the simultaneous application of DSC and Raman
microscopy for the observation of thermally driven transitions between polymorphs of pharmaceutical
materials. Raman detected differential scanning calorimetry (RD-DSC) has been used to monitor the DSC
thermograms of super-cooled liquid acetaminophen and confirms the assignment of two exothermic
transitions to specific polymorphic transformations. Principal component analysis of the Raman spec-
tra have been used to determine the number of independent components that participate in the phase
transformations, and multivariate regression has been used to determine transition temperatures from

the spectral data. The influence of the laser excitation source on measured DSC thermograms has also
been investigated, and it has been demonstrated that a baseline shift occurs in RD-DSC when a polymor-
phic transformation occurs between crystalline and amorphous forms. RD-DSC has been used to examine
the influence of sample aging and sample pan configuration on the observed polymorphic transforma-
tions, and both of these variables were found to influence the thermal behavior of the sample. The results
demonstrate the advantage of simultaneous Raman spectroscopy and differential scanning calorimetry

nme

d
u
t
p
t
D
t
A
t
I
o

for the unambiguous assig

. Introduction

Acetaminophen (N-acetyl para-amino phenol, APAP) is known
o have three crystalline polymorphs [1,2]. Monoclinic type I APAP is
he thermodynamically stable polymorph that is found in commer-
ial products. Orthorhombic type II APAP is a metastable polymorph
hat is stable on a timescale of months in powder form at room
emperature [3]. Types I and II APAP can be distinguished from one
nother by their melting temperatures, X-ray structures and spec-
roscopic characteristics. Type III APAP is highly unstable, and its
ingle crystal X-ray structure has not been determined to date, but

t has been observed spectroscopically in thin film samples, and
owder X-ray diffraction patterns have been published [4]. Several
uthors have noted that type I APAP has poor compression proper-
ies [1,5,6], and considerable effort has been devoted to producing
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nt of thermally driven polymorphic transformations.
Published by Elsevier B.V.

irectly compressible pure APAP powders. Fachaux et al. [6,7] have
tilized particle engineering techniques to prepare sintered, crys-
alline type I APAP that was found to have good compression
roperties. Other groups have pursued strategies for the produc-
ion of type II APAP, which is known to be directly compressible [8].
i Martino et al. [3] prepared type II APAP by recrystallization of

he amorphous super-cooled liquid (SCL) formed by cooling molten
PAP. Nichols and Frampton [1] crystallized type II APAP from dena-

ured ethanol by seeding a cold, supersaturated solution with type
I crystals. Their seed crystals were prepared by recrystallization
f the SCL. Lang et al. [9] demonstrated that several commercially
vailable polymers can be used as templates to direct the formation
f type II APAP.

Preparation of type II APAP from the SCL has been demonstrated

y several authors in differential scanning calorimetry (DSC) ther-
ograms on the milligram scale [2,10–13]. Qi et al. have recently

ummarized the literature on this topic [13]. Type I APAP melts at
pproximately 169 ◦C, with reported melting transitions occurring
ver the 157–172 ◦C range. If the molten liquid is held at high tem-

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:John.Kauffman@fda.hhs.gov
dx.doi.org/10.1016/j.jpba.2008.09.008
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erature long enough to ensure the elimination of all crystals, the
aterial remains amorphous upon cooling to room temperature. If

he sample is immediately reheated, the DSC thermogram exhibits
relatively large exothermic transition in the 60–80 ◦C range, and
nder some circumstances a second exotherm is observed in the
00–120 ◦C range. These exothermic transitions are followed by
melting transition, which can be assigned to melting of type

II (156 ◦C), type II (158 ◦C) or type I (171 ◦C) based on the onset
emperature. When both exotherms are observed, they are usu-
lly followed by a type II melting transition. Qi et al. [13] have
emonstrated that the characteristics of the observed exothermic
ransitions depend on the sample age, the rate at which the DSC
an is heated, and the type of sample pan used to prepare the amor-
hous material. Aged samples exhibit a single exothermic transition
t 56 ◦C, which has been assigned to type I crystallization based on
he subsequent melting temperature. The 60–80 ◦C exotherm was
riginally thought to result from type II crystallization, but subse-
uent work is consistent with the assignment of this exotherm to
he SCL-to-type III transition, followed by a type III-to-type II tran-
ition at approximately 120 ◦C. In addition to these transitions, a
ype III-to-type I exotherm has been proposed at 130 ◦C [14], and
t is also well known that thin-film amorphous samples prepared
etween two glass plates will spontaneously recrystallize to the
ype III polymorph in the 25–54 ◦C temperature range [2]. Subse-
uent heating of type III thin films results in crystallization to the
ype II polymorph.

Vibrational spectra of all three polymorphs have been measured,
nd hot stage microscopy has played an important role in eluci-
ating the thermally induced transitions between the four forms
SCL and three polymorphs) of APAP. Using an infrared (IR) micro-
cope coupled to a hot stage, Di Martino et al. [2] measured the
nfrared (IR) absorbance spectra of temperature-controlled sam-
les that were expected to contain types I, II and III APAP. They
bserved three distinct vibrational spectra, and assigned the types
and II spectra based on powder X-ray diffraction (PXRD) measure-
ents of the powders. The type III APAP was found to have distinct

eatures in its vibrational structure that confirmed the presence
f a third polymorph. Szelagiewicz et al. [10] reported the Raman
pectra of types I–III APAP over the 150–1400 cm−1 range. They
dentified features around 1230 cm−1 that could be used to dis-
inguish the polymorphs. Subsequently, Wang et al. [15] directly

easured thermally induced spectroscopic transformations of IR
bsorbance spectra from samples of APAP sandwiched between KBr
lates. The spectral transformations were assigned to polymorphic
ransitions by comparing the transition temperatures to DSC ther-

ograms. Al-Zoubi et al. [16] confirmed the assignment of the IR
bsorbance and Raman spectra of types I and II APAP by reference
o the PXRD diffractograms of the samples. Moynihan and O’Hare
17] evaluated the diagnostic value of IR, NMR and Raman spec-
roscopies for identification of types I and II APAP, and concluded
hat Raman spectroscopy was not useful for this purpose. How-
ver, this is inconsistent with other reports. For example, Raman
pectroscopy has recently been shown to be capable of quantita-
ive analysis of the polymorph composition of mixed types I and II
PAP powders [18].

Despite these advances in our understanding of thermal
ransformations of APAP, the interpretation of individual DSC
hermograms of APAP remains difficult, because the exother-

ic transitions that have been assigned to specific polymorphic
ransformations are very close to one another, and their onset tem-

eratures are influenced by several experimental parameters that
re often poorly controlled. The purpose of this paper is to demon-
trate the advantage of the simultaneous application of DSC and
aman microscopy for the unambiguous assignment of thermally
riven transitions between polymorphs of pharmaceutical mate-
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ials. Raman detected differential scanning calorimetry (RD-DSC)
as been used to monitor the DSC thermogram of SCL APAP and
onfirms the assignment of two exothermic transitions to specific
olymorphic transformations. The influence of the laser excita-
ion source on the measured thermogram has been investigated,
nd it has been demonstrated that a baseline shift occurs when a
olymorphic transformation occurs between crystalline and amor-
hous forms. Subsequently, the influence of experimental factors
n the observed polymorphic transformations has been observed
y RD-DSC.

. Methods and materials

Type I APAP was purchased (Sigma–Aldrich) and used as
eceived. The polymorphic form was confirmed by PXRD and
aman spectroscopy. Type II APAP was prepared by melting sev-
ral hundred milligrams of type I APAP on a microscope slide at
pproximately 180 ◦C, and then rapidly cooling it to room temper-
ture to form the super-cooled liquid (SCL). Upon heating to about
0 ◦C, the SCL rapidly crystallized. The crystals were found to be the
ype II polymorph by PXRD and Raman spectroscopy. Heating this

aterial to temperatures exceeding approximately 120 ◦C resulted
n conversion to the type I polymorph. The type III polymorph was
repared by melting a few milligrams of type I APAP on a micro-
cope slide, placing a microscope cover glass on the liquid APAP to
orm a thin film, and cooling the film to room temperature. The clear
lm turned white over the course of many hours, and the Raman
pectrum of the white material was found to be consistent with
ublished spectra of type III APAP. Low resolution PXRD for poly-
orph identification was performed with a MD-10 diffractometer

MTI Corporation).
Differential scanning calorimetry (DSC) was performed with a

P 90 controller and a FP84HT hot stage (Mettler-Toledo) with true
ifferential thermal measurement capability. Use of this apparatus
llowed simultaneous microscopy and DSC analysis on the same
ample. A clear quartz sample crucible was loaded with 10–12 mg
f type I APAP, capped with a thin cover glass, and placed on the
icroscope-accessible sample side of the DSC hot stage. An identi-

al, empty sample pan was used as the thermal reference. The FP 90
ontroller was used to set the starting temperature, ending temper-
ture, ramp rate and the wait time at each temperature point. The
arge APAP mass was required for simultaneous microscopy and
SC analysis for two reasons. First, when small quantities of APAP
ere used, the sample tended to flow to the edge of the sample
an upon melting, and was thereby removed from the microscope
eld of view. Secondly, because the DSC hot stage is optimized for
icroscopy rather than sensitivity, higher sample masses are ben-

ficial because they increase the signal-to-noise ratio of the DSC
hermograms. DSC thermograms of type I APAP and SCL APAP were
eproduced on a Shimadzu DSC-60 calorimeter using small samples
<5 mg) and aluminum sample pans.

Raman microscopy and DSC were performed simultaneously by
nstalling the FP84HT hot stage in a FALCONTM II Wide-field Chemi-
al Imaging System (ChemImage Corp., Pittsburgh, PA). The imaging
ystem was operated in Raman spectral mode, which is capable of
ollecting full range Raman spectra (350–4000 cm−1) with acqui-
ition times of less than one second. The 532 nm excitation was
irected through a 10× objective onto the sample at the begin-
ing of the DSC run. For the RD-DSC experiments described in this
tudy, 1130 W/cm2 of excitation power was delivered to the sam-

le, and a 10 s acquisition time was used, unless noted otherwise.
he ChemImage XpertTM software (ChemImage Corp., Pittsburgh,
A) was configured for time-based acquisition, which allows the
utomated collection of multiple spectra with user specified delay
etween the end of one acquisition and the beginning of the next.
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Table 1
Measured peak positions of Raman spectra of the known phases of acetaminophen

Type I (cm−1) Type II (cm−1) Type III (cm−1) SCL (cm−1)

654 650 650 645
714 714 693 710
799 799 799 799
837 – – 833
854 862 862 862

1172 1172 1172 1172
– 1220 – –

1234 – – 1233
– 1245 1245 –

1281 1281 1281 1277
1325 1329 1321 1325
1373 1376 1373 1373
1565 1576 1561 1557
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n a typical run, 70–80 Raman spectra were collected, with 10 s
cquisition time and 20 s delay, and the DSC was programmed for
◦C/min ramp rate. Thus spectral acquisition was initiated every
0 s (i.e., every 2.5 ◦C) and the 10 s acquisition time corresponded
o a temperature interval of 0.83 ◦C. When a DSC ramp rate of
◦C/min was used, spectral acquisition was initiated every 60 s (i.e.,
very 2 ◦C) and the 10 s acquisition time corresponded to a temper-
ture interval of 0.33 ◦C. The Raman spectra and DSC thermograms
ere collected independently, and the collection timing was syn-

hronized manually be initiating the Raman acquisition at 10.0 s
rior to the beginning of the DSC temperature ramp. Thus the first
aman spectrum was collected at the starting temperature, and the
rst Raman acquisition was completed at the beginning of the DSC
emperature ramp. Each subsequent spectrum was collected at a
emperature interval programmed by the user as described above.

Chemometric analysis was performed in Microsoft Excel using
igh precision math add-ins [19] and routines developed in
isual Basic for Applications. Principal component analysis was

mplemented using singular value decomposition. Relative sam-
le compositions were determined by multivariate least squares
egression of measured spectra to reference spectra using the pseu-
oinverse formalism, as described below.

. Results and analysis

Fig. 1 displays the baseline-corrected, normalized Raman spec-
ra of four polymorphic types of APAP (types I–III and the SCL).
he spectra have been offset for clarity, and peak frequencies are
eported in Table 1. The type I spectrum exhibits characteristic
eaks at 1234 and 1325 cm−1, and three well-resolved peaks in the
500–1700 cm−1 range. The type II spectrum shows a pair of weak
eaks at 1220 and 1245 cm−1, and a strong peak at 1329 cm−1 with
eaks in the 1500–1700 cm−1 range shifted closer to one another
elative to the type I spectrum. The type III spectrum appears sim-
lar to the type I spectrum at first glance, but subtle peak shifts
re evident in Table 1, and Fig. 1 displays some notable differences
n relative peak intensities. Furthermore, it will be shown that the
ype III spectrum transforms to the type II spectrum at elevated
emperature, a transformation that is thermodynamically forbid-
en for type I APAP. The types I and II spectra are consistent with

revious reports. The reported frequencies for types I–III APAP in
he 1235 cm−1 range are uniformly shifted by 3 cm−1 from those
eported by Szelagiewicz et al. [10], indicating that the relative
eak positions agree with published spectra. Szelagiewicz et al. only

ig. 1. Full range Raman spectra of the four known phases of acetaminophen. The
pectra are offset for clarity.
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1615 1611 1611 1615
– 1623 – –

1650 1650 1646 –

eported the Raman spectrum of type III APAP to about 1350 cm−1

10]. The spectrum of the SCL APAP is similar in some respects to
he spectra of crystalline APAP, but the peaks appear to be broader,
nd some peaks are shifted relative to the type I spectrum.

The types I and II APAP spectra can be visually distinguished
y the intensities of the 1234 and 1329 cm−1 peaks, and the same
eaks can be used to visually distinguish the types II and III spectra.
he SCL spectrum can be identified by the weak intensity of the
325 cm−1 peak, and the missing peak at 1650 cm−1.

Fig. 2 displays the RD-DSC thermogram of SCL APAP. The SCL
PAP was prepared from type I APAP by heating the calorimeter

o 190 ◦C for 60 s, and then rapidly cooling the crucible to room
emperature. The thermogram was collected over the 25–170 ◦C
emperature range at 2 ◦C/min. Seventy-four Raman spectra were
ollected simultaneously with 10 s acquisition time and 50 s delay.
he straight segment in the thermogram between 30 and 60 ◦C cor-
esponds to heating of the SCL, which is followed by an exothermic
ransition with an onset temperature of approximately 63 ◦C, and
peak at approximately 71 ◦C. The exothermic transition has con-

luded by approximately 76 ◦C, and a large, negative baseline shift
s evident on the high temperature side of the exotherm. A small
xotherm in the thermogram is barely evident in the 118–127 ◦C
ange, and a melting transition is observed with an onset of 155 ◦C

nd a peak at 160 ◦C. The small exotherm at about 120 ◦C becomes
ore evident at faster thermal scan rates, as noted by other groups

13,14]. A large, positive baseline shift is also evident on the high
emperature side of the melting transition. The 76 ◦C exotherm, the

ig. 2. RD-DSC thermogram of super-cooled liquid acetaminophen in a quartz cru-
ible with glass lid.



J.F. Kauffman et al. / Journal of Pharmaceutical and

F
s
I
a

1
w
t
t
r
t

t
p
b
S
p
I
b
i
t
a
B
t
t
p
t
t
7
i
T
f
R

p
d
p
f
v
u
c
F
t
t
2
r
t
t
t

a
a
s
t
s
i
a
d
t
a
T
i
i
w
a
s
o
t
p
transformations such as the type III-to-type II APAP transformation
can be clearly identified in the principal component scores plot
when the Raman spectra of the two phases are different from one
another.

Fig. 4. (a) Scree plot showing the cumulative variance explained by the first 20
principal components of the Raman spectra measured during the RD-DSC shown
in Fig. 2. The plot demonstrates that four principal components can explain the
ig. 3. Selected Raman spectra collected simultaneously with the DSC thermogram
hown in Fig. 2. The SCL-to-type III transition occurs between 62 and 72 ◦C. The type
II-to-type II transition occurs between 109 and 120 ◦C. The spectrum reverts to the
morphous shape above 159 ◦C.

23 ◦C exotherm and the 155 ◦C melting transition are consistent
ith previous reports [2,13], and have been assigned to the SCL-

o-type III transformation, the type III-type II transformation, and
he type II melting transition, respectively. The large baseline shift
esults from the laser irradiation of the DSC sample, and evidence
o support this claim will be described below.

Raman spectra from the data set collected simultaneously with
he DSC thermogram (Fig. 2) are shown in Fig. 3 at selected tem-
eratures in the fingerprint region. The 25 ◦C spectrum is identified
y the missing 1650 cm−1 peak as the spectrum of amorphous
CL APAP. At 72 ◦C, the spectrum has transformed to a crystalline
olymorph. Though it is difficult to distinguish the types I and

II polymorphs, the relative intensities of the 1245 and 1321 cm−1

ands in combination with the peak position of the peak at approx-
mately 1611 cm−1 suggests that the sample has transformed to
ype III. This polymorph remains until the temperature is raised
bove 120 ◦C, at which point the Raman spectrum transforms again.
etween 120 and 157 ◦C, the spectrum is unambiguously assigned
o the type II polymorph, based on the structure of the peaks in
he in the 1500–1700 cm−1 range, the absence of the 1234 cm−1

eak, and the intensity of the 1329 cm−1 peak. The fact that the
ype II polymorph is evident at higher temperatures than the puta-
ive type III polymorph is consistent with the assignment of the
2 ◦C transition to the SCL-to-type III transformation. Upon melt-
ng, the spectrum returns to that of the amorphous liquid form.
hese results provide unambiguous assignment of specific trans-
ormations observed in Fig. 2, and demonstrate the power of the
D-DSC method.

All 74 spectra collected during the DSC run were subjected to
rincipal component analysis to determine the number of indepen-
ent factors required to explain the spectra. Fig. 4a displays a scree
lot of the first 20 principal components, indicating that the first
our principal components explain more than 99% of the spectral
ariance. Application of the Malinowski F-test [20] to the eigenval-
es of principal component space also indicates that four principal
omponents explain the systematic spectral variance of the data set.
ig. 4b is a scores plot of the second principal component versus the
hird principal component, illustrating the evolution of the spec-
ra as temperature increases. The spectral evolution begins at the

5 ◦C point, and the principal component scores occupy a confined
egion of scores space associated with the spectrum of the SCL until
he temperature reaches 64 ◦C. The scores then undergo a transi-
ion that reflects the APAP phase transformation evident in the DSC
hermogram of Fig. 2. At 72 ◦C, the first phase transition is complete,

s
t
s
t
d
c
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nd the scores evolve within a new confined region of scores space
ssociated with type III APAP. At about 111 ◦C another transition in
cores space occurs corresponding to the type III-to-type II phase
ransformation. The scores occupy a new confined region of scores
pace over the 119–159 ◦C temperature range. Finally, at the melt-
ng temperature, the scores evolve toward a region associated with
morphous APAP. Because the spectrum of amorphous liquid APAP
iffers somewhat from the spectrum of super-cooled liquid APAP,
hese two phases occupy nearby but distinct regions of scores space,
nd four principal components are required to explain the data.
he evolutionary behavior displayed in Fig. 4b is evident in all pair-
ngs of the first four principal components, whereas all scores plots
nvolving the fifth or greater principal components appear random,

ith no obvious evolutionary behavior. When the distinct phases of
material have different Raman spectra, the principal component

cores plot displayed in Fig. 4b can be used to estimate the number
f distinct phases in the DSC as well as the initial and final phase
ransformation temperatures, even when the Raman spectra of the
ure phase components are not known. Even weakly exothermic
ystematic spectral variance in the data. (b) Scores plot showing the evolution of
he principal component scores of the Raman spectra measured during the RD-DSC
hown in Fig. 2. Spectral collection begins at 25 ◦C, and the temporal evolution of
he scores follows in the direction of the arrows. Scores clusters are evidence of
istinct phases, and the evolution between clusters occurs over temperature ranges
haracteristic of the phase transitions.
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Fig. 6. Laser induced time-dependent heat flow curves. When the laser is turned
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line shift that occurs in Fig. 2 upon crystallization of the SCL at
about 70 ◦C. In Fig. 2, the baseline shifts in the positive direction
on the high temperature side of the melting transition at 160 ◦C,
because the sample becomes translucent again after melting, and
reduces the intensity of scattered light irradiating the thermal sen-

Fig. 7. Time-dependent heat flow curves superimposed on the DSC thermogram
ig. 5. Fractional contributions of SCL APAP (�), type III APAP (�), type II APAP (�)
nd liquid APAP (♦) to the sample composition as a function of DSC temperature.

Additional information can be gleaned from multivariate analy-
is of the spectral data if the pure component Raman spectra of the
hases are known, as in the case of APAP. Multivariate least squares
egression of the spectra measured during RD-DSC was performed
gainst a set of four phase-specific APAP reference spectra including
CL, type III, type II and liquid APAP, to give a set of four coef-
cients at each temperature that reflect the contribution of each
f the four phases to the Raman spectrum measured at that tem-
erature. The resulting fractional contributions of the four phases
re displayed as a function of temperature in Fig. 5. The estimated
oot mean squared deviation of the data was 0.06, and for coeffi-
ients near zero, physically forbidden negative values of up to −0.1
ere observed. Negative coefficients were set equal to zero, and the

esulting coefficients were normalized so that the sum of all coeffi-
ients at each temperature equaled one. For temperatures between
5 and 60 ◦C and above 159 ◦C, both the SCL and the liquid APAP
pectra appear to contribute to the sample spectrum. This reflects
he fact that the linear regression cannot always distinguish the
pectral contribution of the amorphous super-cooled liquid from
he contribution of the molten liquid, because their spectra are very
imilar to one another. With this exception, the only temperature
egions that exhibit more than one phase are the phase transition
emperatures. The temperature dependence of the relative com-
ositions can also be used to characterize phase transformation
emperatures. For example, the crossover points between SCL and
ype III (67 ◦C), types III and II (116 ◦C) and type II and liquid APAP
162 ◦C) provide estimates of the phase transformation tempera-
ures.

Fig. 6 displays a series of time-dependent heat flow curves mea-
ured while irradiating an empty crucible in the DSC hot stage with
he Raman excitation source. When the laser is turned on, a nega-
ive heat flow is observed, and the heat flow reaches a steady state
n approximately 50 s. When the laser is turned off, the heat flow
eturns to zero. The steady state heat flow is linearly dependent
n the laser power, and reflects the fact that when the laser passes
hrough the hot stage crucible, a small amount of scattered light
alls on the sample-side thermal sensors. Heat must flow from the
rradiated sample side to the dark reference side in order to achieve
hermal balance. The linear dependence of laser-induced heat flow
rom an empty crucible demonstrates that the magnitude of the
eat flow will depend on the amount of light scattered by the sam-

le, which in turn depends on the polymorphic phase of the sample.
o test this hypothesis, the following experiments were performed
n a fresh SCL APAP sample prepared in a quartz crucible. Fig. 7a
isplays the time-dependent laser-induced heat flow curve at room
emperature, in which the laser is directed through the translucent

o
t
e
s
f
e

n, it irradiates the sample side sensors, and heat flows from the sample side of
he DSC to the reference side, resulting in an apparent exothermic event. The heat
ow reaches a steady state within 60 s after laser irradiation is initiated. The power
alues are the laser powers delivered to the DSC for each of the 4 events.

CL APAP sample for approximately 60 s. During this time the heat
ow reached a steady state of −30 W/g. Following this measure-
ent, the laser irradiation was turned off, and the DSC thermogram

f the sample was measured at a ramp rate of 10 ◦C/min. Fig. 7b dis-
lays the 70 ◦C exothermic transition measured with the FT84HT
SC hot stage in the absence of Raman excitation. It shows an onset

emperature of about 55 ◦C, a peak of about 68 ◦C, and the transi-
ion is complete by about 75 ◦C. A small baseline shift is evident,
nd is related to the differential thermal conductivity between the
morphous and crystalline forms. After the phase transition, the
aser-induced time dependent heat flow was measured again, and
he result is shown in Fig. 7c. The magnitude of the laser induced
eat flow increased to −70 W/g following transformation of the
ample from the translucent SCL to the light scattering crystalline
olymorph. These observations explain the large negative base-
f SCL APAP in the SCL-to-type III region. (a) Heat flow curve for excitation of the
ransparent SCL. (b) DSC thermogram of the SCL-to-type III transition without laser
xcitation. (c) Heat flow curve for excitation of the type III polymorph. The steady
tate heat flow increases by a factor of 2.3 when the APAP transforms from the SCL
orm to the type III crystalline form. Without laser excitation, the DSC exotherm
xhibits a small baseline shift.
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ors. These observations are consistent with the hypothesis that
aseline offsets observed in RD-DSC result from the polymorphic
hase dependence of the amount of scattered light that irradiates
he sample-side thermal sensors.

. Discussion

Several APAP samples have been examined with RD-DSC in this
tudy under a variety of conditions, which allow us to confirm
he results of previous studies with the polymorphic specificity of
aman spectroscopy. For example, an aged SCL sample (55 days at
oom temperature) was found to have spontaneously transformed
o type II APAP at room temperature. When RD-DSC was performed
n this sample at a ramp rate of 5 ◦C/min from 30 to 200 ◦C, the
aman spectra showed that the sample transformed to type I APAP
t 85 ◦C, but an exothermic transition was not evident in the DSC
hermogram. As a second example, it was also found that if the RD-
SC of APAP was performed on samples in quartz crucibles without

ids, type III APAP was not observed, and the SCL-to-type II transi-
ion occurred at temperatures between 45 and 55 ◦C, accompanied
y a large exotherm in the DSC, but without the appearance of the
ype III intermediate. Furthermore, if the SCL was prepared in a cru-
ible without a lid, and then covered with a lid after the SCL was
eturned to room temperature, type III APAP was still not observed.
ut if the same sample was thermally cycled to prepare the amor-
hous SCL sample with the lid in place, the thermogram shown

n Fig. 2 reappeared. These observations suggest that thin films of
PAP form between the lid and the crucible during the DSC SCL
reparation cycle, and that such films foster the formation of type III
PAP from the SCL. It is likely that similar films can form at the seam
f standard aluminum crimp pans that are commonly used with
ther DSC instruments. An additional type II-to-type I transforma-
ion was occasionally found to occur at temperatures ranging from
0 to 135 ◦C. This appeared to be correlated with the low temper-
ture SCL-to-type II transformation, although the conditions that
avored the low temperature type II-to-type I transformation have
ot yet been unambiguously identified. The work presented here
onfirms the fact that seemingly unimportant experimental vari-
bles can influence the transformations that are observed during
SC of SCL APAP, and highlights the need for methodology that both

eports thermal events associated with phase transformations and
llows the identification of the phases involved.

Using standard DSC, the thermal output of a phase transforma-
ion is evident from the DSC thermogram, but additional methods

ust be employed to identify the phases. RD-DSC combines these

wo tasks, and allows the analyst to observe phase transformations
hose thermal outputs are below the thermal detection limit of the
SC instrument. It also allows the analyst to assign thermally driven
hase transformations to specific phases of the material under
tudy in real time during the measurement of the DSC thermo-
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[

[
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ram. The RD-DSC method has two significant limitations. First, it
s only applicable to samples whose phases display distinct Raman
pectra. Secondly, sample fluorescence can hinder the application
f RD-DSC to compounds that are fluorescent or contain fluorescent
mpurities. The influence of fluorescence was evident in the course
f this study, because repeated thermal cycling of APAP resulted
n pink-colored impurities that contributed significantly to the flu-
rescence background in the Raman spectra. After three thermal
ycles the APAP sample had to be discarded. In addition to these
imitations, the data shown in Figs. 6 and 7 indicate that care must
e taken in the interpretation of baseline offsets when RD-DSC is
mployed, and it is also likely that the baseline offset will skew
he peak positions and apparent onsets of thermal events in the
SC trace. Though these effects can be partially mitigated by prin-
ipal component analysis and multivariate regression of the Raman
pectra, RD-DSC is not likely to produce highly accurate calorimet-
ic quantities. Nevertheless RD-DSC offers significant benefit as a
ethod to establish the number of distinct phases contributing to a
SC thermogram as well as qualitative assignment of those phases

o specific polymorphic forms.
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