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Nanocalorimetry (NanoDSC) is applied to measure the melting characteristics of single layer silver
pentadecanethiolate (AgSC15) crystals. Its attribute of high sensitivity enables the characterization of
single layer species. The fast heating (50,000 K/s) and cooling (104 K/s) rates employed allow an in situ
study of lamella layer evolution. By controlling the maximum temperature (Tmax) achieved during
heating/cooling cycles, the samples can be either melted or annealed. If Tmax is larger than sample
melting point (Tm), the ﬁrst NanoDSC pulse shows the melting behavior of the as-synthesized crystal. The
following rapid cooling (quenching) causes crystallinity loss. If Tmax is smaller than Tm, electrical
annealing takes place and partially recovers the quenched layered structure, but the melting enthalpy
never reaches that of the ﬁrst pulse.
ã 2014 Elsevier B.V. All rights reserved.
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1. Introduction
Nanocalorimetry (NanoDSC) [1–3] is a unique technique due to
its ultra-fast heating rate (5000–200,000 K/s) and high sensitivity
of speciﬁc heat (0.1 nJ/K) and enthalpy (1 nJ). This enables
measurement of thermodynamic properties of very small amount
(50 ng)of materials, which is much less than the minimum mass
(mg) needed for conventional differential scanning calorimetry
(DSC). The central part of NanoDSC is a chip-based calorimetry
sensor (Fig.1a) fabricated on silicon wafer with a metal patterned
silicon nitride membrane as the calorimetric cell. Nanocalorimetry
was introduced in the 1990s and is now used worldwide [4–16].
Currently, NanoDSC has been applied to measure the thermodynamic properties of magic number metal clusters [17–21], glass
transition (Tg) in polymer ﬁlms [22], self-assembled monolayers
(SAM) [23], metal silicides [24,25] and two-dimensional (2D)
alkanethiolate layered crystals [26].
The rise of research in graphene [27] spawned the recent
growing interest in other 2D layered materials with low
aspect ratio [28,29]. These materials exhibit extraordinary size
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effect properties as the change of atomic/molecular layers. An
interesting perspective of size effect phenomena in 2D layered
systems lies in their melting behavior. Size-dependent melting
ﬁnds its historical root in the 19th century with the pioneering
theory of Gibbs–Thomson law [30]. This phenomenon has been
observed in metal nanoparticles such as In [19,20], Sn [17] and Bi
[21], as well as polymeric thin ﬁlms [22]. Our recent work [26] on
silver alkanethiolate (AgSCn, n = 7–18) lamellar crystals systematically extends this size effect melting to 2D layered systems, with
single layer lamellae (2–5 nm) as the thinnest species investigated. This is realized by the coupling of NanoDSC and a layercontrol synthesis method [31,32].
AgSCn lamellar crystal was ﬁrst synthesized by Dance et al.
through a solution based chemical reaction [33]. Each single layer
AgSCn has a bi-layer ribbon-like structure composed of a central
plane of Ag-S network with alkanethiol chains extending on both
sides [33–37]. Adjacent layers are bonded via van der Waals
interaction, forming stacked AgSCn. The melting process of AgSCn
involves an order-disorder phase transition due to the change of
alkanethiol chain conformation from all-trans to partial gauche
whereas the central plane structure is unaffected [26,38,39].
Currently, this organometallic lamellar crystal ﬁnds applications in
the ﬁeld of electronics [40], nanolithography [41] as well as
biophysics [42].
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Fig. 1. (a) Bottom-view and cross-section schematic of the nanocalorimetry sensor. Si substrate: 500 mm thick; silicon nitride membrane: 100 nm thick; platinum metal ﬁlm:
50 nm thick; platinum strip directly above sample: 0.5 mm wide [1]; (b) schematic of NanoDSC pulsing (front-side-view): Cp vs. T curve for every sensor is obtained via
four-point probe measurement; (c) circuit diagram of differential mode NanoDSC. The region inside the red dashed box refers to Sample Sensor while the region inside the
blue dashed box refers to Reference Sensor. RIS and RIR are the current determination resistance in the sample circuit and reference circuit, respectively. Heating rate is
precisely controlled by adjusting RAS and RAR values. The switches shown can be changed between regular pulsing mode and cooling mode. (For interpretation of the
references to color in this ﬁgure legend and text, the reader is referred to the web version of this article.)

In our prior work [26], size effect melting of AgSCn layered
crystals is observed from two degrees of freedom. Single layer
AgSCn shows a discrete increase of melting point Tm (total
DT  20  C) as the integer increments of alkanethiol chain length
(n = 7–18). Stacked AgSCn layers exhibit an odd/even melting effect
as well as a layer-number-dependent collective melting in which
crystals with larger number of layers melt at higher Tm. This is the
ﬁrst time that chip-based calorimetry is employed to investigate
2D layered materials. The successful measurement of single layer
melting highlights the possibility of studying extremely thin
materials via NanoDSC, which is unique in that conventional DSC is
only designed for bulk materials where size effect is negligible.
In this paper, in situ multiple NanoDSC pulses are carried out on
single layer silver pentadecanethiolate (AgSC15) crystals. The ﬁrst
pulse represents the melting behavior of the original crystals.
The second and subsequent multiple pulses show irreversible loss of
crystallinity under such fast heating (50,000 K/s) and cooling
(104 K/s [25]) rates. Electrical annealing technique is introduced
and is able to recover the value of Tm but the heat of fusion
(Hm) of quenched samples never reaches that of the ﬁrst pulse. As a
comparison, conventional DSC is employed to analyze bulk
multilayer AgSC15 samples. Unlike NanoDSC, reversible
melting of bulk AgSC15 is revealed because of the relatively low
heating/cooling rate (10 K/min) used. As a consequence, NanoDSC
proves itself to be a unique technique in the thermodynamic
analysis of 2D layered materials in terms of three aspects:
(1) melting characteristics of single layer species can be easily
resolved; (2) its ultra-fast nature enables in situ investigations of

layer evolution during heating/cooling cycles; (3) electrical
annealing is a potential tool for crystallinity recovery.
2. Experimental
2.1. Synthesis
2.1.1. Materials
Silver pellets (99.99%) obtained from Kurt J. Lesker Co., are used
as silver source for physical vapor deposition. Silver nitrite powder
(AgNO3, 99.0%), acetonitrile (99.8%), triethylamine (99.0%),
1-pentadecanethiol (1-C15H31SH, 98%) and 1-hexadecanethiol
(1-C16H33SH, 99%) used in this study are purchased from
Sigma–Aldrich Co., and used without further puriﬁcation. Toluene
(99.5%) is used as received from Macron Fine Chemicals Co.
2.1.2. Synthesis of single layer AgSC15
Single layer AgSC15 crystals are prepared from a layer-control
synthesis method on NanoDSC sensors (SiNx surface). The detailed
procedures are described in our previous publications for both
single-layer [32] and stacked-layer samples [31]. Fig. 2 brieﬂy
illustrates the synthesis procedure of single layer AgSCn. The ﬁnal
product is precisely determined by the amount of silver deposited
at the ﬁrst synthesis stage and the furnace annealing temperature
in the last step.
The deposition of silver (step 1 in Fig. 2) is carried out in a
thermal evaporator at a base pressure of 5  10 8 Torr. The exact
amount of silver deposited is estimated by a quartz crystal
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Fig. 2. Schematic of synthesis procedures for single layer AgSCn: (1) thermal evaporation of silver clusters with certain equivalent thicknesses; (2) reaction between
as-deposited silver and alkanethiol vapors to form as-grown AgSCn; (3) annealing to form ﬁnal large 1-layer AgSCn crystals with low aspect ratio.

monitor (QCM) measuring rate and a photodetector coupled
shutter that accurately determines deposition time. In this study,
the as-deposited silver is exposed under 1-pentadecanethiol
vapor for 3 days (step 2 in Fig. 2). This vapor method is efﬁcient
for the synthesis of AgSCn with single or several layers. The
as-grown AgSC15 samples are annealed in a vacuum furnace at a
base pressure of 1 10 7 Torr (step 3 in Fig. 2). The growth of
single layer AgSC15 requires a strict synthesis condition of silver
amount (equivalent thickness) less than 1 Å and annealing
temperature at about 60  C.
2.1.3. Synthesis of as-grown AgSC16
Based on the synthesis of single layer AgSCn, gradual increase
of deposited silver thickness and annealing temperature result in
the pile up of 1-layer species, forming stacked or multilayer
AgSCn [32]. The as-grown AgSC16 lamellae described as
a preliminary example for electrical annealing technique
(Section 3.3) is synthesized using a silver amount of 5 Å. Details
are described in our previous work [31]. For comparison, the
as-grown sample is then furnace annealed to 90  C in a vacuum
tube as shown in Fig. 2 (step 3) or electrical-annealed to 124  C via
NanoDSC pulses.
2.1.4. Synthesis of bulk AgSC15 sample
Bulk multilayer AgSC15 sample is synthesized from a solution
based chemical reaction method, mainly following the contributions
of Levchenko et al. on synthesis and recrystallization [39]. Brieﬂy,
AgNO3 in acetonitrile (125 mM) is gradually added (1 mL/min) to an
acetonitrile solution of equimolar 1-pentadecanethiol (250 mM) and
triethylamine (250 mM). The mixture is stirred overnight without
light exposure. The precipitate (bulk AgSC15) is collected after
suction ﬁltration and washed with acetonitrile (3 times). Large grain
sizes and aggregations are observed in the powder with a color of
yellowish white. To improve the crystallinity of the product, a
recrystallization process is applied. AgSC15 powder is ﬁrst dissolved
in hot toluene at a temperature of 90–100  C. The hot solution
(transparent, yellow) is then naturally cooled down to room
temperature with AgSC15 gradually separates out from toluene.
The followed cooling in ice water guarantees a complete precipitation of AgSC15. After suction ﬁltration and sample washing, the
ﬁnal product is dried overnight for characterization. The ﬁnal

AgSC15 powder is mainly pinkish brown. X-ray diffraction results
indicate the crystallinity of bulk AgSC15 is dramatically improved
after recrystallization (data not shown).
2.2. Sample Characterization
2.2.1. NanoDSC measurement of single layer AgSC15
Details of NanoDSC technique are published in our previous
work [1–3]. NanoDSC sensor shown in Fig. 1a is a chip-based device
fabricated on a silicon wafer (500 mm). A low stress silicon nitride
membrane (100 nm) patterned with platinum thin ﬁlm (50 nm) on
one side constitutes the low thermal mass calorimetric cell. In this
study, each blank sensor is annealed to 450  C to stabilize before
use. AgSCn samples are deposited on the opposite side of metal
ﬁlm. A self-aligned shadow mask is applied to conﬁne the
deposition of samples to the certain region directly beneath metal
strip to reduce the error caused by the loss of materials [43]. The
metal strip performs as both a heater for joule heating when
current pulses are applied and a thermometer whose temperature
coefﬁcient of resistance (TCR) is calibrated before any experiment.
Fig. 1b shows a typical schematic of NanoDSC set-up with a real
time four-point probe measurement. Fig. 1c illustrates the circuit
diagram of NanoDSC. NanoDSC measurements are carried out in a
differential mode under a vacuum of 5  10 8 Torr. During scans,
synchronized current pulses are generated separately from the two
power supplies in the sample circuit and the reference circuit.
Typical sensor resistances are 50–100 V and the circuit current
ranges from 10 to 50 mA [3]. Heating rate is precisely controlled by
tuning RAS and RAR. The measured sample heat capacity is roughly
proportional to the derivative of DV over time [3]. The ﬁnal
calorimetric curve (sample heat capacity Cp vs. T) is obtained after
1st, 2nd and 3rd baseline subtraction of addenda correction, blank
cell correction and heat loss correction, respectively [2]. A switch is
used to change the circuit between regular pulsing mode and
cooling mode, which measures the temperature drop as a function
of time during cooling by applying a small current (1–5 mA)
through NanoDSC sensor. Only the pulsing mode is used in this
study and the cooling mode will be discussed in future
publications.
In this research, each current pulse applied for sample
calorimetric measurement last 3.7 ms, during which the temperature of 1-layer AgSC15 increases from room temperature to about
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Fig. 3. (a) SEM image of bulk AgSC15 multilayer crystals; (b) DSC results of bulk AgSC15 (1.4 mg) for two heating/cooling traces; (c) DSC results of indium sample (6.8 mg) for
two heating/cooling cycles during DSC calibration. For both (b) and (c), only the black curves are not vertically shifted. The sample-to-sample variation of Cp is about 75 mJ/K.
Although such a huge error does not affect the measured Tm and Hm, DSC 4000 is not a perfect calorimetry for speciﬁc heat measurement. The variation of reproducibility for a
speciﬁc sample is less than 0.05 mJ/K.

200  C (50,000 K/s). Typical material amount calculated is less
than 50 pmol or 20 ng. Speciﬁcally, NanoDSC measurements on
AgSC15 samples are conducted in the following steps using the
set-up shown in Fig. 1b and c: (a) 1st single calorimetric pulse to
200  C, (b) 2nd single calorimetric pulse to 200  C, (c) subsequent
50 pulses to 200  C, (d) electrical annealing to 100  C for 50 pulses
(1.6 ms/pulse), (e) 1 calorimetric pulse to 200  C after electrical
annealing, (f) electrical annealing to 110  C for 50 pulses
(1.8 ms/pulse), and (g) 1 calorimetric pulse to 200  C after electrical
annealing. For steps (c), (d) and (f), the whole heating/cooling cycle
time for each pulse is set to be 1 s (the interval between the
occurrence of two adjacent pulses is 1 s). Following thermodynamic information can be extracted from the obtained Cp vs. T
curves during each pulse: Tm (peak position), Hm (peak area),
full-width-half-maximum (FWHM) of the peak and amount of
sample (divided the shift in Cp baseline at the temperature region
higher than Tm by sample speciﬁc heat). The amount of AgSCn is
also estimated by measuring silver amount using QCM and RBS by
assuming that the stoichiometric ratio of Ag and AgSCn presented
is 1:1. In addition, material amount can also be estimated by
measuring the volume of AgSCn using AFM histogram, as is shown
in our previous work [32].
2.2.2. Conventional DSC measurement
Conventional DSC measurements on bulk AgSC15 multilayer
samples are conducted using Perkin-Elmer Standard Single-Furnace
DSC-4000 with aluminum sample pans. It works under differential
mode with a temperature resolution of 0.1  C and a calorimetric
error of 2%. Typical sample mass used is 3–5 mg and the heating/
cooling rate is set to be 10 K/min. Temperature and sensitivity
calibrations are done by indium and zinc before experiments. In this
study, bulk AgSC15 samples are scanned from room temperature to
170  C for two thermal cycles.
2.2.3. Scanning Electron Microscope (SEM)
The morphology of bulk AgSC15 is studied using a Hitachi
S4700 SEM with an accelerating voltage of 20 kV. Since the organic
portions of AgSCn layers are very sensitive to the long-time
exposure of electron beam radiation, SEM graphs are always taken
immediately after moving the microscope to certain target areas
[31].
3. Results and discussion
3.1. Characterization of bulk AgSC15 crystals
Fig. 3a shows the SEM image of bulk AgSC15 crystals. Each
lamellae platelet has an areal dimension of about 1000 mm2. The

total thickness of the multilayer structure revealed by the Scherrer
analysis of X-ray diffraction data is less than 400 nm with an
individual lamella thickness of 41.71  0.05 Å, which is consistent
with our previous work on surface grown crystals [26]. Such crystal
morphology and structure of low aspect ratio in AgSC15 is similar
to other bulk AgSCn samples with even alkanethiol chain length
reported in literature [36,38,39].
DSC data of two thermal cycles are illustrated in Fig. 3b. This is
the ﬁrst reported DSC results of bulk AgSCn with odd alkanethiol
chain length. Thermodynamic parameters of the four DSC traces
are tabulated in Table 1.
The error bars are obtained from the variation between
different bulk AgSC15 samples. The 20% error obtained for molar
enthalpy is much larger than the one measured in standard indium
under the same condition and the reason is not determined at this
time. The melting point revealed from heating traces is consistent
with that of multilayer samples grown on substrates (136.5  C)
[26]. Upon cooling, a decrease of Tpeak (DT11  C) is observed as
compared with that of heating trace (Table 1). Such shift of Tpeak
(DT4  C) is also found for standard In sample during DSC
calibration (Fig. 3c). Since thermal lag effect only depends on
scanning rate (10 K/min), sample property, thermal contact and
instrument conditions [44], the heating and cooling traces for a
particular sample should show same degree of thermal lag, which
is estimated to be less than 1  C from In temperature calibration.
Moreover, little thermal lag is observed in the melting of AgSC15
crystals. Thus the huge shifts of Tpeak (DT >> 1  C) between heating
and cooling traces shown in Fig. 3b and c are mainly attributed to
the super-cooling effect of materials. The super-cooling of In is
about 4  C, which is consistent with the one reported in literature
[45], whereas the super-cooling of AgSC15 is measured to be about
11  C. The molar enthalpy calculated from either endothermic
heating or exothermic cooling has similar values and is independent of thermal cycles. This indicates the reversibility in the
phase transition of bulk AgSC15 at around 136  C. The low
heating/cooling rate (10 K/min) of DSC cycles allows a complete
recrystallization of melted crystals during cooling process. Such
reversible thermodynamic character was also previously observed

Table 1
DSC on bulk AgSC15 (10 K/min).
Thermal cycle

Tpeak ( C)

Hm (kJ/mol)

FWHM ( C)

1st heating
1st cooling
2nd heating
2nd cooling

136.6  0.2
125.3  0.3
136.4  0.3
125.0  0.1

52.4  10.2
52.4  10.4
52.2  10.5
51.8  10.8

2.3  0.5
2.3  0.1
2.3  0.4
2.4  0.3
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in bulk AgSC8, C10, C12, C16 and C18 samples [38,39]. The molar
enthalpy value of bulk AgSC15 is consistent with the one
extrapolated from those for AgSC12 and AgSC16 [38,39]. This
further conﬁrms the inference that transition enthalpy scales with
the alkanethiol chain length [39]. The FWHM of the transition peak
is probably due to the limitation of the instrument since DSC
measurement on standard indium samples also shows a FWHM of
1.5  C for heating/cooling rates of 10 K/min.
3.2. The effect of fast heating and cooling on the melting and
solidiﬁcation of lamella
In contrast to conventional DSC, NanoDSC is capable of resolving
the thermodynamic characteristics of single layer AgSCn crystals
(15 ng). The lamella nature of single layer AgSC15 grown on
NanoDSC sensor has been veriﬁed by our group through AFM, XRR
and XRD [32]. Melting behaviors of single layer AgSC15 reported in
our prior publication [26] is extracted from the ﬁrst NanoDSC
pulse, which best represents the phase transition (Tm = 119.2  C) of
as-synthesized samples with uniform crystallinity and in-plane
ordering.

73

The effect of fast cooling of NanoDSC highlights its signiﬁcance
when multiple melting/cooling cycles are investigated. The molten
crystal after the ﬁrst pulse quenches to room temperature from
about 200  C at a fast cooling rate (104 K/s). Results of the real
time evolution of heating curves (Cp vs. T) as a function of pulse
number for 1-layer AgSC15 are shown in Fig. 4a. It includes the 1st
pulse, 2nd pulse and subsequent 50 pulses. Values of Tm, Hm and
FWHM for each curve are summarized in Fig. 4b,c and d,
respectively. Tm value dramatically shifts to a lower temperature
(DT3  C) at the second pulse and remains almost unchanged
during the subsequent multiple thermal cycles as compared with
the ﬁrst pulse. The error bars in Fig. 4b refer to the instrumentation
statistical variations arising from sample-to-sample errors
(1.5  C) [26]. There is in total about 50% reduction of Hm from
the as-synthesized crystals to the subsequent quenched crystals
(Fig. 4c).
Unlike the fast cooling, fast heating rate has little effect on the
melting characteristics of layered crystals, as is evidenced in our
prior work [26] that shows same values for Tm and H for both DSC
(10 K/min) and the ﬁrst pulse of NanoDSC (50,000 K/s). However,
since crystal solidiﬁcation strongly depends on the cooling rates, it
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Fig. 4. (a) Plot show the real time evolution of Cp vs. T curves during multiple NanoDSC pulses for single layer AgSC15. (b)–(d) Plots show the peak temperature (Tm), heat of
fusion Hm, and peak FWHM as a function of pulse number during multiple NanoDSC pulses in (a) for single layer AgSC15. The inset of (d) shows the FWHM values of the ﬁrst
pulses for monodisperse as-synthesized 1-layer AgSCn crystals (n = 7–16, synthesized using the procedure shown in Fig. 2) as a function of alkanethiol chain length n. The blue
strip with a value of 6.7  0.1  C represents the average of all the red data points. (For interpretation of the references to color in this ﬁgure legend and text, the reader is
referred to the web version of this article.)
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Fig. 5. (a) NanoDSC calorimetric curves for 1-layer AgSC15: 1st pulse (red) and the average curve of the 3rd pulse to the 52nd pulse (blue); (b) NanoDSC calorimetric curves for
1-layer polyethylene crystals: 1st pulse (red) and the average curve of the subsequent 100 pulses (blue). Data for this plot are extracted based on Fig. 3a in our prior publication
[46]. (For interpretation of the references to color in this ﬁgure legend and text, the reader is referred to the web version of this article.)

is the solidiﬁcation during quenching right after the ﬁrst pulse
that alters the originally well-deﬁned single layer AgSC15.
The quenching cools the crystal from molten state to a solid state
within 100 ms, causing crystallinity loss. As a consequence, the
lamella that is heated during subsequent pulses has no longer
the crystallinity as the one before the ﬁrst pulse.
It is important to note that during multiple melting/cooling
cycles, there is a systematic increase of melting peak FWHM (Fig. 4d)
for single layer AgSC15. The value for the ﬁrst pulse is 7.3  C, which is
close to the typical FWHM values for all 1-layer AgSCn (n = 7–16)
shown in Fig. 4d inset [26]. All these values range from 6 to 7.5  C and
the blue strip estimates their average of 6.7  0.1  C. This indicates
that multiple thermal cycles signiﬁcantly broaden the melting peak.
Instrumentation broadening (due to sensor temperature gradient,
resolution limitation, etc.) is only about 3  C, as is veriﬁed by
NanoDSC measurement on standard indium samples [3,20]. Kinetic
issues of fast heating rate is not considered as the reason for peak
broadening as the FWHM of indium melting peak from NanoDSC
(3  C) and DSC (1.5  C) are within experimental error. Most of the
peak broadening in this study is attributed to the variation in lamella
thickness/size coupled with size-dependent melting of AgSCn
crystals [26]. This indicates that crystallinity loss during multiple
melting/quenching cycles signiﬁcantly changes the size uniformity
of 1-layer AgSC15 crystals.
Fig. 5a shows the melting peaks of 1-layer AgSC15 in this study
(red: 1st pulse; blue: average of the 3rd pulse to the 52nd pulse).
The plot agrees with the results shown in Fig. 4. The shift of Cp
between the red curve and the blue curve after melting is possibly
caused by the degasing of sensor as there may be desorption of
alkanethiol molecules. Based on our prior NanoDSC research [46],
the crystallinity loss of layered materials is also observed in single
layer polyethylene crystals. Fig. 5b illustrates the calorimetric
curves for the ﬁrst pulse and the average of subsequent 100 pulses
on single layer polyethylene via NanoDSC. Comparable to 1-layer
AgSC15, multiple melting/quenching cycles after the ﬁrst pulse
on polyethylene lamella also lead to a 50% reduction of Hm, 7  C of
Tm shift and 1.5  C of FWHM broadening. The crystallinity loss of
the single layer polyethylene is conﬁrmed by our previous
transmission electron microscopy results as a well-deﬁned
diffraction pattern is observed before the ﬁrst pulse, whereas no
diffraction pattern is observed after NanoDSC cycles [46]. Similar

phenomenon is also reported by Grubb et al. [47] via real time
small-angle X-ray diffraction on polyethylene. They noticed that
quenching from high temperatures causes rapid recrystallization
and changes of lamella thickness.
3.3. Electrical annealing technique
Electrical annealing is achieved by joule heating using the same
hardware as is used for the NanoDSC fast scanning (Fig. 1).
Electrical annealing by joule heating is controlled by a series of
current pulses applied to the metal ﬁlm on NanoDSC sensors.
Consequently, the metal ﬁlm heats the sample via conduction
through SiNx membrane. Its maximum temperature is lower
than sample Tm. The annealing temperature is controlled by the
magnitude of current and the duration of pulsing time, and
the heating rate is extremely fast (>5 k K/s). In contrast, the other
method of annealing employed in this work is “furnace annealing”

[(Fig._6)TD$IG]

Fig. 6. NanoDSC calorimetric results for multilayer AgSC16 samples after furnace
anneal to 90  C (red curve) and after electrical anneal to 124  C (blue curve). (For
interpretation of the references to color in this ﬁgure legend and text, the reader is
referred to the web version of this article.)
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Table 2
Comparison between the effects of furnace annealing and electrical annealing on
as-grown AgSC16.
Curves in Fig. 6


Furnace anneal to 90 C
Electrical anneal to 124  C

Tm ( C)

Hm (mJ)

FWHM ( C)

133.8
134.1

3.59
3.59

9.0
3.6

(step 3 of Fig. 2), in which the NanoDSC sensors (with samples) are
transferred into a vacuum furnace oven where sample heating
occurs with extremely slow heating rates of less than 1 K/min. Heat
transfer to the sample occurs by infrared radiation. Electrical
annealing is unique due to its fast heating/cooling rates (anneal
samples within milliseconds), in situ characteristics (no sample
transfer between annealing and NanoDSC measurement) and more
precisely controlled temperature programs (no overshooting of
temperature). The broad range of heating rates of the electrical
annealing technique allows a wide range of annealing schedules.
This enables us to deconvolute multiple intrinsic thermal
processes present in materials (e.g., nucleation vs. growth).
As an example, preliminary results shown in Fig. 6 illustrate the
comparison between the ﬁrst calorimetric pulses after electrical
annealing (124  C) and furnace annealing (90  C) on as-grown
AgSC16 lamellae (Tm = 129.8  C [31]). Both annealing temperatures
are lower than sample Tm so that only layer crystallization and
growth occur during annealing and no material melts. The
calorimetric parameters for the Cp vs. T curves are tabulated in
Table 2.
Based on the size-effect melting, the increase of Tm after
annealing infers the pile up of as-grown AgSC16 lamellae, forming
multilayer crystals [26]. The similarity of Tm and Hm between
furnace annealed and electrical-annealed samples indicates their
equivalence, though their annealing temperatures are different.
Electrical annealing signiﬁcantly narrows the melting peak width
to 3.6  C, which is among the smallest FWHM values we can obtain
from NanoDSC. This value (3.6  C) approaches the limit of
instrumentation broadening [3,20] and may be a result of a small
dispersion of lamellae thickness. In contrast, furnace annealed
crystals have various thicknesses (relatively large dispersion) as
the limited annealing temperature range available for layer-control
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in multilayer samples [26]. Therefore, electrical annealing is
potentially more accurate in layer-control and is a possible
alternative to furnace annealing in the use of material growth.
Electrical annealing (100  C and 110  C) is performed on
quenched single layer AgSC15 samples for the purpose of
recrystallization and crystallinity recovery. Fig. 7a illustrates the
temperature proﬁle for one heating/cooling cycle of NanoDSC scan
that measures sample melting properties. The maximum temperature achieved is 197  C, higher than sample Tm. Multiple NanoDSC
melting/cooling cycles shown in Fig. 4 is achieved by repeating this
NanoDSC scan multiple times. Each pulse re-melts the sample that
is recrystallized from the cooling of the last cycle and thus the
effect of recrystallization does not accumulate. In contrast, Fig. 7b
illustrates the temperature proﬁle for 50 identical cycles of scans
for annealing with a maximum temperature of 110  C, lower
than sample Tm. This allows an accumulation of the effect of
recrystallization that occurs during each cooling process. The effect
of recrystallization can be studied by introducing a NanoDSC pulse
to 197  C after electrical annealing (Fig. 7b). Assuming that
recrystallization is considered to be signiﬁcant only when the
sample temperature is larger than 50  C during cooling, the total
recrystallizing time for electrical annealing to 110  C with 50 cycles
is added up to be 1.1 s. This is much longer than the one for
NanoDSC scans to 197  C, where valid recrystallization only
lasts 37 ms during the cooling of an individual cycle. It is the
difference in the maximum temperature (<Tm vs. >Tm) of these
two NanoDSC processes that results in the different effects on
sample evolution (recrystallization vs. melting/recrystallization/
re-melting). Even though sample crystallinity is damaged during
multiple melting/cooling cycles (Fig. 4), multiple electrical
annealing pulses afterwards are potentially useful for crystallinity
recovery.
Fig. 8a shows the Cp vs. T curves for the ﬁrst pulse after 100  C
(orange) and 110  C (green) electrical annealing. Comparing with
the average melting curve for multiple (3rd–52nd pulse) calorimetric pulses (blue), we notice that, as a result of electrical
annealing, Tm gradually reverts back to that of as-synthesized
crystals and peak FWHM signiﬁcantly reduces to a value even
narrower than that of initial ﬁrst pulse. However, Hm never
recovers as it remains almost the same as that of quenched crystals.

[(Fig._7)TD$IG]

Fig. 7. (a) The T vs. t proﬁle (heating: red curve; cooling: blue curve) for a NanoDSC scan (Tmax = 197  C > Tm) to measure the melting properties of 1-layer AgSC15 crystals;
(b) 50 identical NanoDSC scans (Tmax = 110  C < Tm) for annealing (electrical annealing), as is shown in the pink box (heating: red curve; cooling: green curve). A NanoDSC scan
to Tmax = 197  C after electrical annealing is employed to determine the melting properties on electrical-annealed samples. The black dashed line represents the Tm of the
sample (119.24  C). The heating proﬁle for both processes are measured using the same heating rate of 50,000 K/s. Passive cooling proﬁles are estimated from Newton’s Law of
cooling [48] using an initial cooling rate of 104 K/s [25]. (For interpretation of the references to color in this ﬁgure legend and text, the reader is referred to the web version of
this article.)
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Fig. 8. “EA” is short for “Electrical Annealing”. (a) NanoDSC results for 1-layer AgSC15: the average curve of the 3rd pulse to the 52nd pulse (blue, same as the blue curve in
Fig. 5a), ﬁrst pulse after 100  C electrical annealing, ﬁrst pulse after 110  C electrical annealing. (b), (c) and (d) show the evolution of Tm,Hm and endothermic peak FWHM,
respectively, during the sequential steps of NanoDSC measurement in this study. The X-axis of the ﬁve data points represents the 1st calorimetric pulse to 200  C, 2nd
calorimetric pulse to 200  C, average of subsequent 50 calorimetric pulses to 200  C, 1 calorimetric pulse to 200  C after 100  C electrical annealing, and 1 calorimetric pulse to
200  C after 110  C electrical annealing, respectively. (For interpretation of the references to color in this ﬁgure legend and text, the reader is referred to the web version of this
article.)

The overall evolutions of Tm, Hm, and FWHM during the whole
sequential steps of NanoDSC measurement are summarized in
Fig. 8b–d respectively. The ﬁrst 3 data points of each plot show the
results of multiple-calorimetric pulses (52 pulses) to about 200  C
on as-synthesized single layer AgSC15, whereas the 4th and 5th
data points represent the ones for single-calorimetric pulses to
about 200  C on 100  C and 110  C electrical-annealed samples,
respectively. A higher annealing temperature yields crystals with a
higher Tm and a narrower peak width. As expected, the annealed
samples degrade back to the typical quenched state after any pulse.
Similar results are also observed in the electrical annealing on
quenched single layer polyethylene [46]. In this case, a controlled
temperature ramp rate is obtained by incrementally applying
discrete, low-current pulses. No multiple thermal cycles are used.
NanoDSC measurements also show a recovery of Tm but the Hm is
still low.
3.4. Possible suggestions for lamella evolution
For the explanation of the above in situ NanoDSC results,
possible explanations for layer evolution are suggested.

Upon the melting of single layer AgSC15 crystals during the ﬁrst
pulse, gauche defects are introduced into the originally all-trans
alkanethiol chains [38,39]. Only part of the crystallinity reverts
back during the following quenching due to the kinetic attributes
of fast cooling: some gauche conformers do not have enough time
to relax back to the stable well-deﬁned all-trans conformers. As a
consequence, only the segment of alkanethiol chain (effective
chain length) that has all-trans conformation is involved in the
melting during the next pulse. According to our prior results that
the Tm of single layer AgSCn decreases as the reduction of
alkanethiol chain length (n) [26], lamella with a shorter effective
chain length after quenching should melt at a lower temperature
as compared with the as-synthesized AgSC15 crystals with 15
all-trans methylene/methyl groups in each chain. This is well
consistent with the observation shown in Fig. 4b. During
the subsequent calorimetric melting/cooling cycles (2nd–52nd),
lamella structure evolves in a repeated sequence of partial
recrystallization, melting and partial recrystallization. Thus the
effective chain lengths at the end of any melting/cooling cycles are
almost the same. This explains why there is not a huge variation in
Tm values from the 2nd pulse to the 52nd pulse (Fig. 4b). Periodic
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electrical annealing to a temperature lower than Tm gains enough
time for the recrystallization of all the gauche conformers back to
all-trans conformers so that annealed samples can have almost
the same Tm as as-synthesized crystals (Fig. 8b). We infer that
upon quenching, different alkanethiol chains in lamella may be
recrystallized at different rates. This leads to a dispersion of
effective chain lengths and they will melt at slightly different
temperatures. This explains the broadening of melting peak
FWHM during multiple calorimetric measurements (Fig. 4d).
The reduction of lamella thickness dispersion via electrical
annealing expectedly narrows the FWHM (Fig. 8d).
The evolution of Hm (Fig. 8c) in this study may be explained by
alkanethiol desorption or decomposition of single layer AgSC15.
The 40% change of Cp between the red curve and the blue curve in
Fig. 5a is a possible indication of this effect. From Fig. 4c, we
suggest that desorption occurs during all the NanoDSC scans after
the ﬁrst pulse but to a less degree as thermal cycles proceed. Such
desorption during NanoDSC pulses has been observed in SAM on
Au [23], which is also a monolayer species. Electrical annealing
never recovers Hm (Fig. 8c) since the loss of materials via
desorption or decomposition is irreversible.
Other suggestions such as the formation of multiple lateral
domains/grains in single layer AgSC15 during melting/quenching
cycles can also partially explain the NanoDSC results in this study.
Further experiments on more different species of AgSCn lamellae are
necessary for a more complete understanding of the mechanism of
layer evolution in layered systems upon fast heating/cooling cycles.
4. Conclusion
In summary, NanoDSC with fast heating (50,000 K/s) and fast
cooling (104 K/s) rates is potentially useful in the in situ
investigation of layer evolution of single layer AgSC15 via multiple
melting/cooling cycles and electrical annealing, which is a potential
alternative to furnace annealing in thin ﬁlm growth.
The ﬁrst NanoDSC pulse (Tmax > Tm) shows the melting behavior
of the as-synthesized lamella with well-deﬁned crystallinity. The
following quenching causes crystallinity loss, which results in a
decrease of melting point, reduction of heat of fusion and
broadening of melting peak FWHM. This effect persists in the
subsequent melting/cooling cycles. Periodic electrical annealing to
a temperature lower than the sample melting point (Tmax < Tm)
recovers the melting point of quenched samples to that of
as-synthesized crystals. But the evolution of heat of fusion is
irreversible after multiple melting/cooling cycles and never
reaches that of the ﬁrst pulse. Possible explanations involving
chain-length-dependent melting as well as material desorption in
single layer crystals are proposed.
As a comparison, conventional DSC with relatively low sensitivity
can only be used to study bulk multilayer AgSC15 samples. No
information on lamella structure evolution is obtained as the
measurement is reversible due to slow scanning rate.
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