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Abstract
The current article presents an exploration of the solid–liquid phase diagram for a 
binary system comprising n-alkanes with an odd number of carbon atoms, specifi-
cally n-nonane (n-C9) and n-undecane (n-C11). This binary system exhibits promis-
ing characteristics for application as a phase change material (PCM) in low-temper-
ature thermal energy storage (TES), due to the fusion temperatures of the individual 
components, thereby motivating an in-depth investigation of the solid–liquid phase 
diagram of their mixtures. The n-nonane (n-C9) + n-undecane (n-C11) solid–liquid 
phase equilibrium study herein reported includes the construction of the phase dia-
gram using Differential Scanning Calorimetry (DSC) data, complemented with Hot–
Stage Microscopy (HSM) and low-temperature Raman Spectroscopy results. From 
the DSC analysis, both the temperature and the enthalpy of solid–solid and solid–
liquid transitions were obtained. The binary system n-C9 + n-C11 has evidenced a 
congruent melting solid solution at low temperatures. In particular, the blend with 
a molar composition xundecane = 0.10 shows to be a congruent melting solid solution 
with a melting point at 215.84 K and an enthalpy of fusion of 13.6 kJ·mol–1. For 
this reason, this system has confirmed the initial signs to be a candidate with good 
potential to be applied as a PCM in low-temperature TES applications. This work 
aims not only to contribute to gather information on the solid–liquid phase equilib-
rium on the system n-C9 + n-C11, which presently are not available in the literature, 
but especially to obtain essential and practical information on the possibility to use 
this system as PCM at low temperatures. The solid–liquid phase diagram of the sys-
tem n-C9 + n-C11 is being published for the first time, as far as the authors are aware.
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1  Introduction

Thermal energy storage (TES), especially using phase change materials (PCM), 
is widely recognized as an important means to significantly contribute to solve 
energy problems involved in climate change. In particular, for low-temperature 
energy storage, the use of PCMs is emerging as a convenient approach to contrib-
ute to minimize effects tending to accelerate climate change.

Low-temperature TES can mitigate intermittency issues linked with renewable energy 
sources, for example, wind or solar, by storing surplus energy for use during periods of 
depleted generation. On the industrial field, TES systems can also present a reliable and 
cost-effective solution for storing excess heat generated during production for later use, 
enabling a balance between the existing energy supply and demand imbalances. Thus, 
latent heat technologies might offer a compact and feasible solution to tackle the handicap 
of the gap between energy supply and demand.

Many applications of PCM in cold thermal energy storage are listed in detail 
and commented by Gunasekara et al. [1]. The same authors stress the importance 
of n-alkanes as PCM, both pure and in blends [1], namely in eutectic systems and 
congruent melting solid solutions [1, 2]. However, those authors have remarked 
that some serious inconsistencies and disagreements have been observed, hav-
ing pointed specifically the system n-dodecane + n-tridecane (n-C12 + n-C13) [2]. 
Moreover, it is noteworthy that large-scale studies involving solid–liquid phase 
diagrams of n-alkane systems naturally do not contain a complete collection of 
all possible binary systems potentially suitable for low-temperature TES appli-
cations. Some of the systems with somewhat less information are, for exam-
ple, some of those containing comparatively shorter alkyl chains as n-octane, 
n-decane, and n-dodecane; and, in particular, some with an odd number of carbon 
atoms, like n-nonane and n-undecane seem to have received comparatively less 
attention than the larger even ones [1, 3].

An interesting feature of pure n-alkanes is that the polymorphism found in 
the series from n = 8 to n = 21 has very distinct characteristics for even or odd 
numbered carbon atoms, according to Espeau et  al. [4] and Broadhurst [5]. In 
particular, the n-alkanes with an even number of carbons show a simpler pol-
ymorphism than those with an odd number [3, 5, 6]. Moreover, for the binary 
short-chain n-alkane systems (n < 21), one would expect to find characteristics 
of the solid–liquid phase diagrams enabling some type of grouping according to 
the odd or even number of carbon atoms of the individual molecules involved 
[1, 3]. For instance, the works by Gunasekara et al. [1, 2], Espeau et al. [4], and 
Mondieig et  al. [3] may lead to the suggestion that it is possible that a binary 
system with two odd alkanes would have an isomorphous congruent minimum 
melting solution (for example n-C11 + n-C13 and n-C17 + n-C19); on the other 
hand, a binary system with two even alkanes would possibly be expected to show 
an eutectic transformation (for example n-C8 + n-C10 and n-C10 + n-C12); and 
finally, it could be expected that a binary mixture with one odd and one even 
alkanes could yield a peritectic (for example n-C13 + n-C14 and n-C15 + n-C16). 
Nevertheless, this hopeful categorization is full of exceptions from the very 
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start. For example, Gunasekara et al. have verified that the system n-C12 + n-C13 
has a congruent melting solid solution [2]. In the extensive works published by 
Gunasekara et  al. [1] and by Mondieig et  al. [3], it is in fact possible to partly 
observe some of this ideal grouping of solid–liquid equilibrium characteristics, 
but also several exceptions to it, enhancing the inherent complexity involved in 
these systems, especially for larger ones [1, 3]. The numerous data available evi-
dence some irregularities and disagreement for the phase equilibrium behavior of 
n-alkane binary systems seeming to reinforce the idea of the complexity of these 
compounds [1–4]. In the light of this, it is absolutely crucial to perform complete 
phase equilibrium studies on n-alkane mixtures that suggest a strong potential to 
be used as PCM in TES applications.

The binary system n-C9 + n-C11 under study in the present work is particularly appro-
priate to be a PCM for low-temperature thermal energy storage, due to the low melting 
temperatures of its pure components and to the possibility to possess a congruent melting 
solid solution, as can be guessed on the basis of the grouping of phase diagrams described 
above. However, the corresponding solid–liquid phase diagram, as far as the authors are 
aware, has not been described in the literature yet, which is a basic information to decide 
on its adequacy to be a PCM for that purpose.

Thus, this study aims to contribute to decrease this lack of information by 
building the solid–liquid phase diagram for the system n-C9 + n-C11, at atmos-
pheric pressure, using as primary information the results obtained by Differential 
Scanning Calorimetry (DSC), complemented by Hot Stage Microscopy (HSM) 
and Raman Spectroscopy data. Moreover, a particularly important information 
regarding application as PCM is the enthalpy of the solid–liquid phase transition, 
which must be tackled in this type of study and has also been done in this work.

The present work is the continuation of previous studies involving binary systems of 
adipates [7] and two systems of n-alkanes with an even number of carbon atoms [8], hav-
ing the aim to perform a deep thermal characterization of this family of compounds and 
obtain useful information on the possibility to use them as PCM.

2 � Experimental

2.1 � Materials

In this work, n-C9 and n-C11 were used as received. The water content of the used 
materials was measured using a Karl-Fisher 831 KF Coulometer from Metrohm. 
Table 1 shows the characterization of the material samples used in this work.

Table 1   Characterization of the liquids used in this work

Purity as stated in the corresponding analysis certificate and water content as measured in situ

Name CAS number Supplier Lot number Water content 
(mg·kg−1)

Purity (mass 
fraction) (%)

n-Nonane 111-65-9 Thermo Scientific 10228094 41.5 99.3
n-undecane 1120-21-4 TCI Chemicals XQM6G-TN 25.7 99.6
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Considering the high purity of the compounds as indicated on the analysis cer-
tificates provided by the suppliers, and by the water content levels determined just 
before the experimental measurements, the samples were used as received.

To achieve the highest accuracy in composition, the binary mixtures for this 
investigation were prepared gravimetrically using a Mettler Toledo MS205DU 
micro balance with a precision of ± 0.01 mg.

2.2 � Techniques

2.2.1 � Differential Scanning Calorimetry (DSC)

The calorimetric measurements were performed with a 2920 MDSC system from 
TA Instruments Inc. The experimental procedure is described elsewhere [7, 8]. 
Thus, only a brief description is given here.

The sample masses of 4.0–9.0 mg were sealed in air inside aluminum pans and 
weighed with a precision of ± 0.1 µg by a Mettler UMT2 ultra-micro balance and 
analyzed by DSC at a scanning rate, β = 5  K·min–1 for the binary mixtures and 
pure compounds. Additionally, heating rates of β = 1 K·min–1 and β = 2 K·min–1 
were also used in some cases, particularly for pure compounds for complemen-
tary studies (see Sects. 3.1 and S5 of the Supplementary Information). Helium 
(Air Liquide N55), at a flow rate of 30 cm3·min–1, was used as purging gas. The 
baseline was corrected by scanning along the temperature range of the experi-
ments using an empty pan. The temperature and heat flow scales of the instru-
ment were calibrated at different heating rates, based on the onsets of the fusion 
peaks of several standards. Details of the calibration procedure are described 
elsewhere [9].

2.2.2 � Hot Stage Microscopy (HSM)

Polarized optical microscopy observations were performed on an Olympus 
BX51 optical microscope. The temperature changes and stabilization were set 
by a Linkam LTS360 liquid nitrogen cooled cryostage and were measured with 
a Pt resistance thermometer. Nitrogen (Air Liquide L50), at a flow rate of 30 
cm3·min−1 was used as purging gas. The liquid samples were first placed on the 
glass plate, covered by a second glass and cooled down at 5 K·min–1. After solidi-
fication, the microstructure of the sample was monitored with an Olympus C5060 
wide zoom camera for picture and/or movie record. Images were recorded with 
250× magnification in the temperature range from − 100 °C to 20 °C at a heat 
rate of 5 K·min−1.
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2.2.3 � Raman Spectroscopy

The Raman spectra were acquired with a Horiba LabRam HR Evolution micro-
Raman system using a solid-state laser (λ = 532 nm, ~ 5 mW on sample) for excita-
tion. The samples were probed with a 50× objective, and the laser spot diameter on 
the sample was approximately 1 μm. The presented spectra were typically acquired 
with an acquisition time of 5  s and averaged over 10 spectra accumulations. The 
spectral resolution was about 5 cm–1. The temperature-variation measurements were 
carried out with an accuracy of about 0.01 ºC using the following Linkam Scien-
tific instruments: THMS 600 stage and an LNP95 cooling system controlled by a 
T95-PE Linkpad controlling unit. During these measurements, optical photographs 
of the sample were taken using a 10× objective of the micro-Raman system.

3 � Results and Discussion

Phase equilibrium studies for n-alkanes have been showing consistently the com-
plexity, not only for the pure compounds but also for their binary mixtures [3, 
10–15]. For the binary system studied in this work, n-C9 and n-C11, this is no excep-
tion. In fact, through this work several challenges related to the phase equilibrium 
behavior of these materials have been encountered, mainly related to the polymor-
phic transitions of the two pure compounds involved. According to several authors 
[3, 4, 12, 14, 15], both pure components, n-C9 and n-C11 present two solid phases, 
namely, one ordered phase, Ti, corresponding to a triclinic structure, and one rotator 
phase, RI, corresponding to an orthorhombic structure.

In this investigation, three different techniques were used in order to accurately 
describe the phase equilibrium behavior of this binary system: DSC, hot stage 
microscopy (HSM), and Raman spectroscopy. In this chapter, the experimental 
results will be discussed and compared with information available in the literature.

3.1 � Differential Scanning Calorimetry (DSC)

DSC heating curves of the pure compounds, n-C9 and n-C11 and of three of the 
most significant binary mixtures are presented in Fig. 1. One of the latter is a spe-
cial one, as it refers to the congruent melting solid solution with a molar fraction, 
xundecane = 0.10.

The experimental values for temperature and enthalpy of fusion were obtained 
using the average values (in J·g−1), presented in Table  2, acquired from two con-
secutive cycles. For comparison purposes, those values were converted to kJ·mol−1 
using the latest molar masses reported by IUPAC [16]. The remaining DSC heating 
curves for all the other studied compositions, with the corresponding temperatures 
and enthalpies of phase transition, are presented in the section  S1 of the Supple-
mentary Information (Fig.  S1 and Table  S1). The experimental solidus and liqui-
dus temperature points were obtained from the maximum of the first and second 
endothermic peaks detected in the thermograms. This choice is justified by having 
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binary mixtures revealing thermograms with two overlapped peaks where the onset 
temperatures are hardly discernible, its determination giving rise to a significant 
uncertainty.

In Fig.  1, it is actually possible to observe the different shapes of the curves 
according to the corresponding molar composition, xundecane. For pure n-C9, using 

Fig. 1   DSC heating curves of n-C9, n-C11, and of some selected binary mixtures, with compositions sig-
naled with the xundecane molar fraction. The scanning rate was β = 2 K·min–1 for the pure compounds and 
β = 5 K·min–1 for the binary mixtures (exo up)

Table 2   DSC data for pure n-C9, pure n-C11, and three of their binary mixtures, including the onset tem-
peratures, Tonset, maximum peak temperatures, Tmax, and the corresponding enthalpies of fusion, ΔfusH, 
at atmospheric pressure, 0.1 MPa. The scanning rate was β = 2 K·min−1 for the pure compounds and 
β = 5 K·min−1 for the binary mixtures

Expanded uncertainties for a 95  % confidence level (k = 2): U(x) = 0.00007; U(T) = 0.19  K; 
U(ΔfusH) = 8.1 J·g–1 (see Supp. Information—S4)
a)  Values determined with five different experiments; b) Overall Tonset and ΔfusH value for the two over-
lapped peaks

xundecane DSC 1st peak DSC 2nd peak DSC 3rd peak

Tonset/K Tmax/K ΔfusH/
kJ·mol–1

Tonset/K Tmax/K ΔfusH/
kJ·mol–1

Tonset/K Tmax/K ΔfusH/
kJ·mol–1

0 216.46 217.12 3.8 218.28 219.34 7.4 – – –
0.097a) 215.84 217.68 13.6 – – – – – –
0.399 215.37 218.16 7.0 225.50 228.42 1.6 – – –
0.601 213.77b) 217.62 6.2b) – 221.28 – 230.15 236.44 6.3
1 234.65 234.97 1.8 235.79 236.31 3.4 245.78 247.16 19.6
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the heating rate of 5  K·min−1, two distinct, although partially overlapped, peaks 
upon both crystallization and melting were identified. However, it was not possible 
to determine accurately both the onset and maximum temperatures and the corre-
sponding enthalpy values. Consequently, a run using a heating rate of 2 K·min−1 was 
conducted aiming to reveal these experimental values with enough accuracy. Con-
sequently, the temperatures, and enthalpies of pure n-C9 reported and used for the 
construction of the binary solid–liquid phase diagram were those determined using 
the rate of 2 K·min−1. Moreover, according to Espeau et al. [4], the pure n-C9 may 
present a third peak, similarly to what happens with pure n-C11. It is noteworthy that 
those authors discuss the existence of that peak as the result of a possible metasta-
bility of the compound, since they just observed this third peak upon solidification 
[4]. To try to corroborate this observation, a heating rate of 1 K·min−1 was further 
used in the DSC experiment, but no improvement in readability was obtained (see 
section  S5 of the Supplementary Information). In fact, in the paper published by 
Broadhurst [5], it seems that one of the solid–solid transitions is missing for the 
n-C9. This is indicative of the difficulties involved in phase equilibrium studies of 
these compounds. This difficulty, which may be an effect of impurities on the phase 
transition behavior of paraffins, is also stressed by Broadhurst [5]. Considering that 
kind of issues, it is admissible that the cause for the appearance of a third peak in the 
works published by Espeau et al. [4] and Mondieig et al. [3] at 218.2 K (solid – solid 
transition from Oi to RI) may be related to the purity of the sample. In fact, the sam-
ple used by Espeau et al. [4] had a nominal purity slightly higher than the sample 
used in this work, namely 99.45 % (mass), and this cannot be ruled out, in principle, 
as a possible contribution to the differences between those experimental results.

Continuing to analyze the thermograms shown in Fig.  1, it is noteworthy the 
case of pure n-C11, whose results obtained with a heating rate of 5  K·min–1 have 
shown three distinct peaks, two of them overlapped. Again, aiming to determine 
more accurately the temperature and enthalpy values, a heating rate of 2 K·min–1 
was used, which enabled to separate the two overlapped peaks. Thus, the tempera-
tures and enthalpies reported for n-C11 reported in this work were obtained from 

Table 3   Comparison of the present Tfus and ΔfusH experimental results, listed in Table 2, with the data 
reported by Espeau et  al. [4] for pure n-C9 and pure n-C11, together with the corresponding absolute 
deviations

a)  Overall enthalpy for the 1st and 2nd peaks

n-C9 Tmax/K Dev./K ΔfusH/kJ·mol–1 Dev./kJ·mol–1

1st peak 217.8 ± 1.1 – – –
2nd peak 218.2 ± 1.0 –1.08 6.3 ± 0.39a) –2.5
3rd peak 219.5 ± 1.1 –0.16 15.0 ± 1.1 –7.6

n-C11 Tmax/K Dev./K ΔfusH/kJ·mol–1 Dev./kJ·mol–1

1st peak 236.3 ± 0.8 –1.33 0.05 1.7
2nd peak 237.4 ± 0.8 –1.09 7.0 ± 0.3 –3.6
3rd peak 247.6 ± 0.8 –0.44 22.5 ± 1.6 –2.9
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the thermograms performed at this heating rate. Here, it is important to note that 
the results reported by Broadhurst [5] show two transitions only: one solid–solid 
and another solid–liquid. It is, therefore, possible that the purity of the samples 
can be in fact determinant for the phase equilibrium behavior observed for the pure 
compounds.

In Tables  3, 4, and 5, the absolute deviations of the temperature and enthalpy 
of fusion, Tfus and ΔfusH, from the literature values reported by Espeau et  al. [4], 
Mondieig et  al. [3], and Broadhurst [5] are presented for both pure components, 
respectively. It is possible to note that the absolute deviations of the experimental 
results for pure n-C9 and n-C11 presented in Tables 3 and 4 are very similar with a 
maximum absolute deviation for the temperature of fusion of -1.08 K for n-C9 and 
-1.33 K for n-C11. Regarding the enthalpy of fusion, the maximum absolute devia-
tion is -7.6 kJ·mol–1 for n-C9 and -3.6 kJ·mol–1 for n-C11. Considering the results 
published by Broadhurst [5] in Table  5, the maximum absolute deviation for the 
temperature of fusion is -0.74 K for n-C9 and -0.44 K for n-C11. In the same table, 
it can be observed that the deviation of the present results for the enthalpy of fusion 

Table 4   Comparison of the present Tfus and ΔfusH experimental results, listed in Table 2, with the results 
reported by Mondieig et al. [3] for pure n-C9 and pure n-C11, together with the corresponding absolute 
deviations

n-C9 Tmax/K Dev./K ΔfusH/kJ·mol–1 Dev./ kJ·mol–1

1st peak 217.8 – – –
2nd peak 218.2 –1.08 6.2 –2.5
3rd peak 219.5 –0.16 15.0 –7.6

n-C11 Tmax/K Dev./K ΔfusH/kJ·mol–1 Dev./ kJ·mol–1

1st peak 236.3 –1.33 0.1 1.7
2nd peak 237.4 –1.09 7.0 –3.6
3rd peak 247.6 –0.44 22.5 –2.89

Table 5   Comparison of the present Tfus and ΔfusH experimental results, listed in Table 2, with the results 
reported by Broadhurst et al. [5] for pure n-C9 and pure n-C11, together with the corresponding absolute 
deviations

n-C9 Tmax/K Dev./K ΔfusH/kJ·mol–1 Dev./ kJ·mol–1

1st peak – – – –
2nd peak 217.2 − 0.74 – –
3rd peak 219.7 –0.36 6.3 1.1

n-C11 Tmax/K Dev./K ΔfusH/kJ·mol–1 Dev./ kJ·mol–1

1st peak – – – –
2nd peak 236.6 − 0.29 6.9 − 3.5
3rd peak 247.6 − 0.44 22.2 − 2.6
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and those published by Broadhurst [5] is 1.1 kJ·mol–1 for n-C9 and -3.5 kJ·mol–1 for 
n-C11, respectively. From the results presented in these tables, it can be noted that 
the deviations for both temperature and enthalpy of fusion are significantly lower in 
the case of the results published by Broadhurst [5], especially for the fusion enthalpy 
for n-C9. In the case of the results published by Espeau et al. [4] and Mondieig et al. 
[3], the deviations are consistently higher, being more evident for the values of 
enthalpy, which can be caused by issues discussed above.

The binary mixtures for this system revealed three different types of thermo-
grams. The binary mixture with molar fraction xundecane = 0.10 has exhibited a sin-
gle and narrow peak, which was identified as a congruent melting solid solution at 
215.84 K, as supported by the complementary experimental techniques used in the 
present work, according to the discussion present in subsequent sections. The binary 
mixture with molar fraction xundecane = 0.40 has evidenced two distinct peaks, while 
the one with molar fraction xundecane = 0.60 has shown three distinct peaks. Further 
analysis of the binary mixtures using different heating rates in the DSC experiments 
(see section S5 of the Supplementary Information) and using the results from HSM 
and Raman spectroscopy showed that the binary mixtures presenting only two peaks 
also show polymorphism, even though the corresponding peak is overlapped with 
the two distinguishable ones.

Fig. 2   HSM results for n-C9 in temperature region between 193.15 K and 220.15 K, with ×250 magnifi-
cation

Fig. 3   HSM results for n-C11 in temperature region between 193.15 K and 245 K, with ×250 magnifica-
tion
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3.2 � Hot Stage Microscopy (HSM)

Hot stage microscopy is a powerful tool to identify polymorphism [17]. In 
this work, it enabled us to confirm the results obtained using DSC. Using light 
polarization, it was possible to identify the solid–solid transitions for both pure 
compounds and their binary mixtures, and also, the respective solid–liquid tran-
sitions. The obtained HSM images for the pure compounds and for their most 
relevant binary mixtures are presented in Figs. 2, 3, 4, 5, and 6. Section S2 of the 

Fig. 4   HSM results for the binary mixture with molar fraction xundecane = 0.10 in temperature region 
between 193.15 K and 217.15 K, with ×250 magnification

Fig. 5   HSM results for the binary mixture with molar fraction xundecane = 0.40 in temperature region 
between 193.15 K and 228.15 K, with ×250 magnification

Fig. 6   HSM results for the binary mixture with molar fraction xundecane = 0.60 in temperature region 
between 193.15 K and 233.15 K, with ×400 magnification
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Supplementary Information contains additional HSM images for the remaining 
binary mixtures and their respective analysis.

Figure 2 shows HSM images of pure n-C9 together with the corresponding tem-
peratures. In this situation, it is possible to observe, firstly, the solid–solid transi-
tion by the change of form of the solid. Secondly, at approximately 217.15 K, it 
is already visible the formation of some drops of liquid, and, approximately at 
220.15 K, the whole sample is seen to progress into being an isotropic liquid.

In Fig.  3, the HSM images for pure n-C11 together with the corresponding 
temperatures can be observed. For this compound, it was possible to identify 
the two solid–solid transitions, even though subtle, and the solid–liquid transi-
tions as shown before by DSC. The solid present at 193.15 K starts to transform 
approximately at 233.5 K, but right after around 236 K there is a subtle change 
again on the form how the solid phase appears. Finally, the solid–liquid transi-
tion is visible around 245 K, revealing itself as almost instantaneous.

The most relevant HSM images for the binary mixture with molar fraction 
xundecane = 0.10 are represented in Fig.  4. For this binary mixture, the DSC 
results do not evidence the solid–solid transition, which are visible in the HSM 
results. This can be justified by the fact that both temperatures for solid–solid 
and solid–liquid transitions are very similar, thus hindering the capacity of the 
used DSC technique to clearly differentiate those events. The solid–liquid transi-
tion has also been revealed to be very fast, in fact, almost instantaneous, when 
compared to the same phase transition in the other binary mixtures with different 
compositions. Between 215.15 K and 217.15 K, the formation of the first drop of 
liquid at 215.15 K was revealed, and at 217.15 K, the sample was already com-
pletely melted. This observation, complemented with the DSC results, shows the 
lowest temperature of the solid–liquid phase transition, i.e., the relative mini-
mum of both the liquidus and solidus lines, indicating that this binary mixture 
with a molar composition xundecane = 0.10 corresponds to a minimum congruent 
melting solid solution for the system n-C9 + n-C11.

The binary mixture with molar fraction xundecane = 0.40 was also analyzed 
using HSM and the corresponding results are shown in Fig.  5. For this molar 
fraction, it is possible to observe a very tenuous solid–solid transition only by 
the slight color change of the image around 219.15 K. The solid–liquid transi-
tion was also observed between 218.15  K and 228.15  K, which confirmed the 
DSC results.

Finally, the interpretation of the HSM results for the binary mixture with 
molar fraction xundecane = 0.60 raised some difficulties. Those results are dis-
played in Fig.  6, showing that the mixture is completely solid at 193.15 K, as 
expected according to the DSC results. Melting starts at approximately 213.15 K 
and the sample was completely liquid at 233.15  K. However, according to the 
DSC results, it should be possible to identify three different thermal events, 
namely, the beginning and the end of the melting process and, probably, poly-
morphism. But the DSC results alone do not provide sufficient evidence to sup-
port that claim. Using HSM, it was not possible to clearly identify the polymor-
phism. However, it is noteworthy that, according to the DSC results, the possible 
occurrence of polymorphism might be masked by the beginning of the fusion of 
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the binary mixture, so that overlapping of the peaks occurs, rendering impos-
sible to determine the enthalpy for each one of the three events independently. 
Because of this difficulty, the mixture with molar fraction xundecane = 0.60 was 
analyzed using Raman spectroscopy with the specific purpose to try to clarify 
the phase transition events occurring in this temperature region for this mixture.

3.3 � Raman Spectroscopy

Raman spectra were obtained for the pure compounds n-C9 and n-C11, and for the 
xundecane = 0.10 (the congruent melting mixture), 0.40, and 0.60 binary mixtures at 
different temperatures. The experimental procedure involved initially cooling the 
samples to complete solidification at 193.15  K at a cooling rate of 10  K·min–1. 

Fig. 7   Raman spectra of solid and liquid phases samples of n-C9

Fig. 8   Raman spectra of solid and liquid phases samples of n-C11
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Subsequently, the samples were heated at a rate of 5 K·min–1 (to allow a direct com-
parison of the Raman data with the DSC results) until melting, while Raman spec-
tra were recorded at various temperatures. Additionally, optical images during the 
Raman experiments were taken to visually monitor the samples in real time. Raman 
spectra for other samples and the corresponding images are included in section S3 of 
the Supplementary Information.

The obtained Raman spectra for the two pure compounds account for the expected 
polymorphic phases of the compounds, as well as for their liquid phases (Figs. 7 and 
8; Fig. 9 shows the images of the samples collected along the Raman experiments at 
different temperatures). The bands observed in the spectra of each phase are as fol-
lows, where the most characteristic phase-marker bands are underlined:

n-C9

•	 Solid Ti (193.15  K): 247, 293, 885, 1048, 1173, 1295, 1438, 1448, 1464, 
1483, 2713, 2869, 2879, 2889, 2904, 2950, 2962;

•	 Solid RI (218.15 K): 247, 885, 1048, 1173, 1295, 1420(sh.), 1438, absence of 
1447, 1459, 2712, 2843, 2870(sh.), 2877, 2887(sh.) 2904, 2954;

•	 Liquid (220.15 K): 247, 264, 870, 889, 1019, 1076, 1160, 1300, 1440, 1455, 
2711(sh.), 2728, 2850, 2860, 2873, 2935, 2960.

n-C11

•	 Solid Ti (193.15  K): 204, 215, 1027, 1048 (sh.), 1060, 1136, 1172, 1295, 
1379, 1416, 1438, 1456, 1466, 1493, 2703, 2724, 2896, 2907, 2916, 2950, 
2960;

•	 Solid RI/Oi (234.15 K): 204, 212, 885, 1027, 1048 (sh.), 1060, 1136, 1172, 
1295, 1369 1438, 1456, 1466, 1492, 2702, 2724, 2870, 2896, 2907, 2954;

Fig. 9   Photographs of the pure n-C9 (top) and n-C11 (bottom) samples collected during the temperature-
variation Raman spectroscopy experiment, with ×10 magnification
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•	 Liquid (247.15 K): 244, 829, 847, 866, 1064, 1078, 1301, 1440–1456, 2711–
2730, 2851, 2874, 2960.

For the xundecane = 0.10 sample (Fig.  10; see also Fig.  11 for the photographs 
of the sample taken during the experiment), at 193.15 K, the spectrum shows the 
marker bands for the Ti solid phases of n-C9 at 1450 cm–1, 1464 cm–1, 1483 cm–1, 
2890 cm–1, and 2962 cm–1, and of n-C11 at 1416 cm–1. At 203.15 K, the marker 
bands at 2890 cm–1 and 2962 cm–1 disappeared, and the marker band at 2954 cm–1 
appeared, meaning that the transition from the n-C9 Ti solid phase to the RI 
occurred. At 213.15 K, the RI marker band at 2954 cm–1 is already visible, while 
the Ti marker band at 1450  cm–1 is almost invisible. The absence of the band 
at 1416  cm–1 is a characteristic feature for the RI solid phase. Simultaneously, 
the marker band at 2960 cm–1 makes its first appearance, which is characteristic 

Fig. 10   Temperature-variation Raman spectra for the binary mixture xundecane = 0.10. The vertical colored 
lines and band positions serve as guides to indicate the most important transformations in the spectra. 
The red color corresponds to C9, while the blue color corresponds to C11. The darkest colors indicate 
Ti solid phases, lighter colors denote Ri solid phases, and the lightest colors represent the liquid phases 
(Color figure online)

Fig. 11   Photographs of the xundecane = 0.10 sample, collected during the temperature-variation Raman 
spectroscopy experiment, with ×10 magnification
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for both compounds in the liquid state. At 218.15 K, as expected, the sample is 
already in the liquid state, and the spectrum shows the marker bands at 264, 1160, 
and 2859  cm–1 for n-C9 and those at 2873, 2850, and 2960  cm–1 for both n-C9 
and n-C11. The Raman experiments also showed that the melting for this sample 

Fig. 12   Temperature-variation Raman spectra for the binary mixture xundecane = 0.40. The vertical colored 
lines and band positions serve as guides to indicate the most important transformations in the spectra. 
The red color corresponds to C9, while the blue color corresponds to C11. The darkest colors indicate 
Ti solid phases, lighter colors denote Ri solid phases, and the lightest colors represent the liquid phases 
(Color figure online)

Fig. 13   Photographs of the xundecane = 0.40 sample, collected during the temperature-variation Raman 
spectroscopy experiment, with ×10 magnification
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is almost instantaneous, reinforcing the fact that this is a congruent melting solid 
solution. 

In the case of the xundecane = 0.40 sample (Figs. 12 and 13), at 193.15 K, the spec-
trum evidences the marker bands for the Ti solid phase of n-C9 at 246, 293, 1450, 
1465, and 2714 cm–1 and of n-C11 at 217, 1417, and 1495 cm–1. At 208.15 K, the 
polymorphic changes can already be observed as evidenced by the notable decrease 
of the marker band at 1417 cm–1. By 215.15 K, the spectra reveal some bands asso-
ciated with a liquid phase, namely, the marker bands at 265, 871, and 1087 cm–1 for 
the liquid phase of n-C9 and the band at 1077 cm–1 specific for the liquid phases of 
both n-C9 and n-C11. This observation proves that both compounds start to melt at 
the same time, which is characteristic for a solid solution. At 221.15 K, it is possible 
to observe the transformation of the marker band 1416 cm–1 for the n-C11 Ti solid 
form to the one characteristic for the RI at 1369 cm–1. Only at 257.15 K, it is possi-
ble to say that the sample is completely liquid, the spectrum not showing any marker 
band for the solid phases.

Fig. 14   Temperature-variation Raman spectra for the binary mixture xundecane = 0.60. The vertical colored 
lines and band positions serve as guides to indicate the most important transformations in the spectra. 
The red color corresponds to C9, while the blue color corresponds to C11. The darkest colors indicate 
Ti solid phases, lighter colors denote Ri solid phases, and the lightest colors represent the liquid phases 
(Color figure online)

Fig. 15   Photographs of the xundecane = 0.60 sample, collected during the temperature-variation Raman 
spectroscopy experiment, with ×10 magnification
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For the xundecane = 0.60 sample (Figs.  14 and 15), the Raman spectrum of the 
mixture at 193.15 K represents a superposition of those for the n-C9 and n-C11 Ti 
solid phases. At 219.15 K, it is already possible to identify the marker bands (with 
a very low intensity) for the n-C9 and n-C11 liquid phases at 245  cm–1, 870  cm–1, 
1076 cm–1, and a shoulder at 1301 cm–1. At 228.15 K, it is possible to see changes in 
the spectrum related to the polymorphic transitions for both n-C9, with the appear-
ance of the marker broad band at 2954 cm–1 characteristic for the RI solid phase, and 
n-C11, with the almost total disappearance of the marker band at 1416 cm–1 charac-
teristic for the Ti solid phase. At 240.15 K, the Raman spectrum is closely similar 
to that of the sample obtained at room temperature indicating that the mixture trans-
formed to the liquid state.

3.4 � Solid–Liquid Binary Phase Diagram

The construction of the solid–liquid binary phase diagram was based on the onset 
temperatures, Tonset, obtained using the DSC technique, as shown in Fig.  16. The 
onset temperatures were used instead of the maximum peak temperatures for the 
solidus line, as it has been done in previous works [7, 8], after a careful analysis of 
the results using both onset and maximum temperature values. The argument used in 
those previous works for the use of the maximum values was based on the fact that, 
in binary mixtures, overlapping of two or more peaks often occurs, which prevents 
the accurate determination of the Tonset values. For the present system, however, that 
overlapping was observed for one binary mixture only, and therefore, upon evalua-
tion of the obtained DSC results, use of the onset values for the construction of the 

Fig. 16   Proposed binary solid–liquid phase diagram of n-C9 and n-C11; ··· liquidus and solidus lines, 
○ experimental liquidus data points, ◊ experimental solidus data points, □ solid–solid transitions for 
binary mixtures, x solid–solid transitions for pure n-C9 and n-C11
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binary phase diagram was preferred. This choice has been thought to provide an eas-
ier definition of a suitable solidus line for the n-C9 rich side of the diagram—where 
the congruent melting solid solution is located (xundecane = 0.10)—as discussed in 
section S6 of the Supplementary Information. Nevertheless, values of both the Tonset 
and Tmax are given in Tables 2 and S1 for all compositions of the studied binary mix-
tures and for the pure compounds. Additionally, the results from HSM and Raman 
spectroscopy were used to corroborate and/or complete the DSC results enabling the 
identification of the different regions of the phase diagram.

For the binary system  under study, polymorphic events are widely present, 
and thus, HSM and Raman spectroscopy techniques have been very important to 
describe those events. Polymorphic events shown some difficulty of interpretation 
using DSC alone, since it is not possible to assign the peaks to a specific event with-
out resort to an independent method, for instance, HSM or Raman spectroscopy. In 
fact, after careful treatment of the results using the three different techniques, it was 
possible to define four distinct regions (I, II, III, and IV) in the phase diagram, in 
accordance with the available results.

The region [I] involves the samples with molar fractions 0.06 ≤ xundecane ≤ 0.20, 
which showed polymorphism in the 203 K–213 K region, as depicted in   Fig. 16. 
This behavior was first observed with DSC, although the corresponding peaks were 
very smooth. In this case, it was necessary to resort to independent means that 
could unequivocally assign it to a polymorphic effect. However, upon the analysis 
using HSM the doubts remained, as no explicit evidence of polymorphism could be 
observed. Only upon a careful Raman analysis, it was possible to confirm the poly-
morphic transition for these mixtures in the temperature window 203 K–213 K.

The region [II] includes the binary mixtures with molar fractions 
0.20 < xundecane < 0.50, which originated two single peaks in the DSC thermograms. 
However, HSM and Raman spectroscopy revealed a polymorphic transition occur-
ring simultaneously with the solid–liquid transition. That is, once the beginning of 
the solid–liquid transition has occurred, as indicated by the appearance of the first 
peak (lowest T), and before its end, evidenced by the second peak (highest T), the 
remaining solid phase goes through a solid–solid transition. This event should cor-
respond to a second peak (mid T), which, however, could not be detected.

The region [III] includes the mixtures with molar fractions 0.50 < xundecane ≤ 0.80, 
which produced three distinct peaks in the DSC results. In these cases, we have tried 
to assign the corresponding solid–liquid transition and the solid–solid transition 
peaks. Using the HSM and the Raman spectroscopy, it was possible to realize that 
the solid–solid transition appears in the first peak (lowest T). Afterward, at higher 
temperatures, two other peaks show up, corresponding to the beginning (mid T) and 
the end of the solid–liquid transition (highest T).

Considering what was described for the samples of regions [II] and [III], the mix-
ture with xundecane = 0.50 seems to be a turning point, because using Raman spectros-
copy, it was shown that the polymorphic transition begins simultaneously with the 
solid–liquid transition. Moreover, aiming to clarify the DSC results, particularly for 
this binary mixture, a study with a lower heating rate was performed (see section S5 
in the Supplementary Information), which reinforced the conclusion that this mix-
ture was indeed the turning point for the sequence of those phase equilibrium events.
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Finally, the samples included in region [IV] with molar fractions 
0.80 < xundecane ≤ 0.95 have demonstrated no polymorphic transitions in the studied 
temperature region.

As the main aim of the present work is to determine the suitability of the sys-
tem n-C9 + n-C11 to be used as a low-temperature PCM, the most important part of 
the phase diagram is the existence of a congruent melting solid solution with com-
position xundecane = 0.10. Nevertheless, it should be remarked that attention to the 
solid–liquid equilibrium along the whole composition range is necessary to substan-
tiate that claim. That justifies the attention given to the solid–solid, and not just the 
solid–liquid, transitions discussed above.

4 � Conclusions

Paraffins have been extensively identified as potential PCMs for thermal energy stor-
age due to their advantages over other systems, such as being chemically inert, non-
corrosive, odorless, low cost, and nontoxic. However, for low-temperature applica-
tions, only a few n-alkanes systems have been studied, particularly those with odd 
alkyl chains. In the present work, the binary system involving the odd n-alkanes, n-
C9 and n-C11, was studied to investigate their ability to be used for low-temperature 
energy storage applications, addressing the lack of research on the use of alkanes as 
PCMs for cold-energy storage.

From the DSC analysis and Raman spectroscopy with temperature-variation 
results for thirteen binary mixtures with different molar fractions and the two pure 
components, the temperature and the enthalpy of solid–liquid and solid–solid tran-
sitions were obtained. Hot stage polarization microscopy was used to visually and 
semi-quantitatively complement some thermal events evidenced by DSC, namely, 
solid–liquid and solid–solid (polymorphic) phase transitions. This binary system has 
shown a congruent melting solid solution at low temperatures, namely, the blend 
with a molar composition xundecane = 0.10 with a melting point of 215.84 K and an 
enthalpy of fusion of 13.6 kJ·mol–1. In this context, the present binary system con-
firms to have appropriate characteristics for thermal energy storage applications at 
sub-zero temperatures, based on its phase equilibrium behavior and the appreciably 
high energy storage performance, considering its latent heat of fusion for this tem-
perature region.

To the best of the authors’ knowledge, the solid–liquid phase diagram of the n-
C9 + n-C11 system has not previously been published in the specialized literature. 
Therefore, the current results create an avenue for evaluating other thermophysi-
cal properties such as thermal conductivity studies that are required for its valuable 
practical application as a PCM.
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