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ABSTRACT

We measure the isothermal crystallization kinetics of amorphous acetonitrile films using molecular beam dosing and reflection adsorption
infrared spectroscopy techniques. Experiments on a graphene covered Pt(111) substrate revealed that the crystallization rate slows dra-
matically during long time periods and that the overall kinetics cannot be described by a simple application of the Avrami equation. The
crystallization kinetics also have a thickness dependence with the thinner films crystallizing much slower than the thicker ones. Additional
experiments showed that decane layers at both the substrate and vacuum interfaces can also affect the crystallization rates. A comparison of
the crystallization rates for CH3CN and CD3CN films showed only an isotope effect of ~1.09. When amorphous films were deposited on a
crystalline film, the crystalline layer did not act as a template for the formation of a crystalline growth front. These overall results suggest that

the crystallization kinetics are complicated, indicating the possibility of multiple nucleation and growth mechanisms.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0045461

I. INTRODUCTION

Acetonitrile is a common laboratory solvent used in a vari-
ety of applications. Because it is aprotic and has a large dipole
moment (3.92 D), it is widely used in electrochemical and organic
synthetic applications where a nonaqueous solvent is required.'”
There is also interest in its existence in comets and planetary sys-
tems. " ' The simple hydrocarbons, including nitriles, are believed
to play an important role in the formation of more complex organic
molecules in the solar system. The characterization and detection of
these smaller precursor molecules in the condensed phase at astro-
physical temperatures are requisite to understanding the reaction
mechanisms of larger species.” **

In some recent work, we used molecular beam dosing, tem-
perature programmed desorption (TPD), and reflection adsorp-
tion infrared spectroscopy (RAIRS) to study the behavior of ace-
tonitrile films deposited at low temperatures (<120 K) on a vari-
ety of surfaces.”””" In the first paper, we studied the interactions
and the structure of acetonitrile on Pt(111) and graphene sur-
faces.”” We found that on Pt(111), the monolayer desorption kinet-
ics were first-order with activation energies (~75 + 4 kJ/mol) con-
sistent with chemisorption on the substrate. On graphene, the

monolayer desorption kinetics were zero-order, indicating that ace-
tonitrile is physisorbed and has established equilibrium between
2D islands and isolated molecules. These interpretations were sup-
ported by RAIRS experiments. When acetonitrile was deposited
on Pt(111) at >100 K, the spectra were consistent with the for-
mation of the p configuration proposed by others, where the CN
triple bond is converted to a double bond and the nitrogen and
central carbon atoms form single bonds with the neighboring plat-
inum atoms."”””® At low deposition temperatures <100 K, the N-top
configuration (N end interacting with Pt perpendicular to the sur-
face) was observed, which has also been observed by others.”””” On
graphene, the RAIRS spectra were consistent with the acetonitrile
lying parallel to the surface for monolayer coverages at all deposition
temperatures.

In the second paper, we studied the structure of acetonitrile
multilayers.”* Crystalline acetonitrile has two polymorphs: a low-
temperature (LT) phase that is thermodynamically stable below
217 K and a high temperature (HT) phase that is thermodynamically
stable between 217 K and its melting point at 229 K.'***** The HT
crystal structure consists of anti-parallel dimers with two acetoni-
trile molecules aligned side-by-side with the methyl end (positive) of
one molecule aligned with the CN end (negative) of the second one.
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In the LT crystal structure, adjacent acetonitrile molecules interact
with their molecular axes perpendicular to each other.”*” Despite
the LT polymorph being thermodynamically favored below 217 K,
for acetonitrile films vapor deposited at temperatures below 217 K,
the higher free energy HT phase is typically observed. The reason
is likely due to the differences in the kinetic barriers for crystalliza-
tion.”* We observed that the formation of a particular crystalline
phase depended on a combination of deposition temperature and
the underlying substrate. We were able to obtain the elusive LT
phase by growing the films on graphene or crystalline decane at a
deposition temperature of 120 K.

In the present paper, we measure the isothermal crystalliza-
tion kinetics of amorphous acetonitrile films using molecular beam
dosing and RAIRS techniques. Experiments are performed on a
graphene covered Pt(111) substrate so that the interactions with
the Pt(111) surface do not complicate the crystallization kinetics.
We present results for a range of film thicknesses, L (50-1000 ML),
and isothermal temperatures (105-112 K). We also explored inter-
face effects on the kinetics by using decane layers underneath and
on top of the acetonitrile film and crystalline templates. We find
that the thickness and interface dependence of the crystallization
kinetics cannot be described by a simple crystallization mecha-
nism. These results suggest that the crystallization kinetics are com-
plicated and that there are likely multiple nucleation and growth
mechanisms.

Il. EXPERIMENTAL

The experiments were conducted in an ultra-high vacuum
chamber (base pressure <107'" Torr) equipped with capabilities
for molecular beam dosing, temperature programmed desorption,
and reflection adsorption infrared spectroscopy (RAIRS), which
have been previously described in detail.”* Films were deposited
onto a 1 cm diameter graphene covered Pt(111) single crystal. The
graphene layer was grown by heating the Pt(111) to 1100 K and
exposing it to an incident beam of decane.”” The integrity of the
graphene layer was not affected by the interactions with acetonitrile
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as we have observed for other species.””” This allowed us to perform
repeated experiments without cleaning or regrowing the layer. This
was not the case for the Pt(111) surface where previous experiments
with acetonitrile required frequent sputter and annealing cycles to
maintain a clean surface.” Thus, with a graphene covered Pt(111)
surface, we were able to acquire a much larger dataset than would
have been possible on the Pt(111) surface. The sample tempera-
ture was controlled using a closed cycle helium cryostat and resis-
tive heating through two tantalum wires spot welded to the back-
side of the Pt(111). The temperature was measured with a K-type
thermocouple to the Pt(111) sample and was calibrated by compar-
ing the multilayer desorption rates of Ar, Kr, and water with their
published vapor pressures.”” *’ We estimate an absolute accuracy
of £2K.

The chemicals used in the experiments were anhydrous ace-
tonitrile (Glen Research, 99.8%), deuterated acetonitrile (Cambridge
Isotope Laboratories, 99.8%), and decane (Sigma-Aldrich, 99%). The
acetonitrile films were deposited at normal incidence with a flux of
1.11 ML/s, where 1 ML was defined as the time needed to satu-
rate of the monolayer desorption feature on the graphene covered
Pt(111) surface.” The film thicknesses, L, were not directly mea-
sured. Instead, L is reported here as the coverage in monolayers.
Based on the density of acetonitrile, we expect 1 ML to be ~ 0.44 nm.
The reflection adsorption infrared spectra (RAIRS) were acquired
using a Bruker Vertex 70 FTIR spectrometer with a narrow band
MCT detector. The infrared beam was incident on the sample at an
angle of 82° + 1° from normal, and the spectra were acquired with a

resolution of 4 cm ™.

Ill. RESULTS
A. Approach for measuring acetonitrile crystallization

In this section, we present the approaches used to analyze the
crystallization kinetics for all the results in this paper. Figure 1 dis-
plays a time series of RAIRS spectra obtained from a 200 ML acetoni-
trile film that was deposited at 60 K and then heated to and held at
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FIG. 1. Time series of RAIRS spectra obtained from a 200 ML thick amorphous acetonitrile film deposited at 60 K and then heated to and held at 108 K. The film was deposited

on a graphene covered Pt(111) substrate. The CHj stretch (2915-3050 cm~", left panel), the CN stretch (2235-2265 cm=", middle panel), and the CH3 deformation (1360-

1480 cm~", right panel) spectral regions. The initial spectrum (red curve) is acquired at t = 0 s of the isothermal time period, and the last one (blue curve) is acquired at
= ~3400 s. The time evolution of the spectra shows the crystallization to the high temperature (HT) crystalline phase (see the inset in the middle panel).
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108 K. Shown are the CHj stretch (2915-3050 cm™!), the CN stretch
(2235-2265 cm™'), and the CH;s deformation (1360-1480 cm™")
spectral regions. The peak assignments are consistent with those in
the literature."*’"** The peaks in all three spectral regions exhibit
similar behavior, with the peaks in the initial spectrum (red curves)
being relatively broad, narrowing in the subsequent spectra, and
then evolving to relatively sharp peaks in the final spectrum (blue
curves). Also note that the sets of spectra for all the peaks have
isosbestic points. Isosbestic points are indicative of a transforma-
tion from one state to another; in this case, the transformation from
amorphous to crystalline acetonitrile. As described in Sec. I, acetoni-
trile has two crystalline polymorphs (LT and HT) and the phase that
is formed at low temperatures (<130 K) depends on both the sub-
strate and deposition conditions. In the present work, the deposition
and annealing conditions resulted in the formation of the metastable
HT polymorph.

In Fig. 2, we illustrate the process used to obtain the crystal-
lization kinetics from the RAIRS spectra. Figure 2(a) displays the
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FIG. 2. (a) Time series of RAIRS spectra obtained from a 200 ML thick acetonitrile
film deposited on a graphene covered Pt(111) substrate at 60 K and then heated
to and held at 110 K. The initial spectrum (red curve) was taken at t = ~0 s. The
final spectrum (blue curve) was acquired at the end of the isothermal experiment
after heating to 120 K and annealing for 100 s. (b) The fraction crystallized vs
time calculated from 200 RAIRS spectra from the acetonitrile film in panel (a). The
solid circles are the fraction crystallized values for the color-coded corresponding
spectra shown in (a).
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asymmetric CH3 stretch peak for a time series of RAIRS spectra
obtained from a 200 ML acetonitrile film held at 110 K. Analysis of
all the other peaks gave the same overall results, but the data from
the asymmetric CHj stretch peak had less statistical noise. For this
reason, the CHz asymmetric stretch peak was used for all the results
presented in this paper. There are several ways to extract the frac-
tion crystallized from the RAIRS spectra, including using the peak
height or fitting the intermediate spectra to a linear combination of
the 100% amorphous and 100% crystalline spectra. Here, we used the
ratio of the integrated area between the two isosbestic points to the
area difference between the fully amorphous spectrum (x = 0) and
the fully crystalline spectrum (x = 1) to calculate the fraction crystal-
lized of the intermediate spectra. Figure 2(b) is a plot of the fraction
crystallized (black solid line) vs time obtained from the time series
0f 200 RAIRS spectra from the film shown in Fig. 2(a). The solid cir-
cles are the fraction crystallized for the corresponding RAIRS spectra
(color coded) in Fig. 2(a). The fraction crystallized increases slowly
from 0 to ~500 s, followed by a faster increase from 500 to ~1400 s,
and then returns to a slow increase from 1500 to 2100 s.

Because the fraction crystallized did not reach a point where it
stopped increasing, it was not clear if the film had completely crys-
tallized. To check this, at the end of the isothermal experiment, the
film was heated to 120 K and annealed for 100 s. When the tem-
perature was then reduced back to 110 K, there were no further
changes to the IR spectra. This is the final spectrum (blue curve)
in Fig. 2(a). Based on the slope of the slow crystallization region,
we estimate that at this temperature, complete crystallization would
take at least another 1500-2000 s. Because these additional data do
not dramatically change the overall shape of the crystallization curve,
we did not extend the isothermal experiments for this additional
time. We defined the annealed spectrum obtained after the isother-
mal experiment as being that for a completely crystalline film. The
integrated area of this spectrum was used to define the area for a
completely crystallized film to calculate the fraction crystallized [see
the blue solid circle in Fig. 2(b)]. We used this method for all the
experimental results in this paper.

The sigmoidal-like line shape in Fig. 2(b) is commonly
observed for kinetic processes in solids and can often be fit by the
Avrami equation, $5:46

x(t) =1-¢ ® (1

where x is the fraction crystallized, k is a phenomenological rate con-
stant, and 7 is related to the crystallization mechanism. For example,
a mechanism where there is random nucleation and isotropic three-
dimensional growth would yield a value of n = 4. In the subsequent
analysis, we define 7 as the time when the fraction crystallized is
equal to 0.632, i.e., when x(t) = 1 — ¢~". This is equivalent to 7 being
defined as 1/k in Eq. (1). However, in Fig. 2(b), the continued slow
increase in the fraction crystallized curve at long times cannot be fit
well by the Avrami equation, which plateaus to a flat line at a long
time. The inability of the Avrami equation [Eq. (1)] to fit the frac-
tion crystallized vs time curves is unrelated to the definition of the
endpoint (the post experiment annealing). In fact, no single combi-
nation of k and n in Eq. (1) can accurately describe both 7 and the
continued slow increase in the fraction crystallized at long times. As
shown below, the kinetics for the crystallization of acetonitrile films
likely requires multiple mechanisms.
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Another factor that can affect the crystallization kinetics is the
temperature of the substrate during deposition of the amorphous
film. Figure 3 displays the fraction crystallized vs time curves for 200
ML films held at 108 K. The films were deposited on a graphene cov-
ered Pt(111) substrate at various deposition temperatures from 30 to
75 K. The results for films deposited from 30 to 60 K are displayed
in Fig. 3(a). The curves shift to longer times, which means that the
crystallization rate decreases with the increase in the deposition tem-
perature. The results for films deposited from 60 to 75 K displayed
in Fig. 3(b) show that the curves shift to shorter times, meaning
that in this temperature range, the crystallization rate increases with
the increase in the deposition temperature. The inset in Fig. 3(b) is
a plot of the 7 vs deposition temperature for all the crystallization
experiments in Fig. 3.

The results show that there is a peak in the value of 7 at deposi-
tion temperatures between 55 and 60 K. The increase in 7 (decrease
in the crystallization rate) from 30 to 60 K can be explained by the
porosity of the acetonitrile films. In a prior work, we showed that
acetonitrile films are porous when deposited at temperatures below
50 K, even when dosed at normal incidence.”* The increased porosity
means more surface area and the possibility of more facile nucleation
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FIG. 3. The fraction crystallized vs time curves for a 200 ML acetonitrile film at
110 K. The film was deposited on a graphene covered Pt(111) substrate at various
deposition temperatures. (a) Fraction crystallized vs time curves for film deposition
temperatures of 30 (red), 35 (blue), 40 (orange), 45 (green), 50 (purple), 55 (light
blue), and 60 K (black). (b) Fraction crystallized vs time curves for film deposition
temperatures of 60 (black), 65 (red), 70 (purple), and 75 K (light blue). The inset in
(b) shows the non-monotonic behavior of 7 on growth temperature.

ARTICLE scitation.org/journalljcp

because molecules on the surface are less constrained than those in
the bulk. This has been observed in the crystallization kinetics of
amorphous solid water (ASW) films. 7% The decrease in 7 (increase
in the crystallization rate) above ~60 K could be due to the formation
of pre-nuclei during deposition and this has been observed in ASW
film crystallization.”” Another possible explanation is that the depo-
sition temperature affects the structure of the amorphous deposited
film, creating more stable amorphs or stable glasses.”’ *” These more
“stable” glasses could take longer to crystallize. Regardless of the rea-
son for the observations, for consistency, in the rest of this paper,
all the acetonitrile films were prepared at a deposition temperature
of 60 K.

B. Crystallization kinetics of acetonitrile films
on graphene

In this section, we study the crystallization kinetics of acetoni-
trile films for a range of film thicknesses and isothermal temper-
atures. The experiments were conducted on a graphene covered
Pt(111) substrate to prevent the covalent interactions of acetoni-
trile that occur on bare Pt(111), which could complicate the crys-
tallization kinetics.”**** Isothermal experiments were conducted in
1 K increments from 105 to 112 K and for film thicknesses of 50,
100, 200, 400, 600, 800, and 1000 ML. Figure 4 displays the results
at 112 K [Fig. 4(a)], 109 K [Fig. 4(b)], and 106 K [Fig. 4(c)]. As
expected, the crystallization rates increase, i.e., the sets of crystalliza-
tion curves shift to earlier time, with the increase in temperature. At
a given temperature, the crystallization curves shift to shorter times
with the increase in thickness, meaning that the crystallization rate
increases with the film thickness.

Figure 5 displays the 7 values for the experiments in Fig. 4
and data from other isothermal temperature experiments not shown
there. A plot of 7 vs film thickness for each isothermal temperature
is shown in Fig. 5(a). The plot shows that 7 monotonically decreases
with the increase in the film thickness for all temperatures, although
the thickness dependence is stronger at lower temperatures. For
example, at 105 K (black solid circles), 7 for the 50 ML film is ~11
times longer than that for the 1000 ML film, whereas at 112 K (red
solid circles), the same comparison is only a factor of ~2.1.

The results shown in Fig. 5(a) are not consistent with a simple
picture of homogeneous (i.e., bulk) nucleation and isotropic growth.
To understand why, we first note that for these experiments, a large
number of crystalline nuclei form and the resulting films are poly-
crystalline.” In that case, the typical grain size in the film, X, rel-
ative to the film thickness, L, is an important property of the films
that affects the kinetics.”””" The typical grain size is given by X
= (G/J,)""*, where G is the crystalline growth rate and J, is the bulk
nucleation rate. For bulk nucleation and growth and X, > L, 7
would be proportional to L™, while 7 would be independent of
L for X < L>° Specifically, if X > L, then the growth would be
approximately two dimensional (i.e., the grains would look like thin
disks) and the exponent, 7, in the Avrami equation [Eq. (1)] would
be ~3. In that case, 7 = (JaG*)™", where J4 is the nucleation rate
per unit area (i.e., the areal nucleation rate). If J, is independent of
L, then J4 = J,L and T = (J,LG?)™® ~ L7Y3°° In contrast, Xg < L
corresponds to the bulk limit where n = 4 and 7 = (];,G3)_”4 ~ 10
For an experiment that spanned thicknesses from L « X to L >
Xgr, a log-log plot of 7 vs L would have a slope of —1/3 for small L
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FIG. 4. Fraction crystallized vs time curves for acetonitrile films deposited on a
graphene covered Pt(111) substrate at a deposition temperature of 60 K. The
film thicknesses are 50 (red curves), 100 (blue curves), 200 (orange curves), 400
(green curves), 600 (purple curves), 800 (light blue curves), and 1000 ML (black
curves). (a) Fraction crystalized curves for films heated to 112 K. (b) Fraction crys-
talized curves for films heated to 109 K. (c) Fraction crystalized curves for films
heated to 106 K.

that smoothly increased to 0 for large L.”” The red lines in Fig. 5(a)
show example 7 vs L curves where G and J;, were chosen to match 7
for a 50 ML film at 105 K and have X, = 400 (dotted line) and 600
ML (dashed line). The red solid line is for a 7 dependence of L3,
Figure 5(b) shows a log-log plot of the data from Fig. 5(a).
Except for T = 105 K, the data show significant deviations from
any simple power law. An important observation is that the steep-
ness on all the curves increases with the increase in coverage. This
is opposite to the behavior expected for homogeneous nucleation
and growth that was discussed above [see the red lines in Fig. 5(b)].
Furthermore, the films appear to display a different behavior for
thicknesses larger or smaller than ~300 ML. Figure 5(b) shows power
law fits, T ~ L%, for the 50-200 ML data (black lines) and the 400-
1000 ML data (blue lines) and the corresponding values for «. Note
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FIG. 5. (a) Plot of 7 values from acetonitrile crystallization experiments for film
thicknesses from 50 to 1000 ML at various temperatures. The experiments were
conducted at temperatures of 105 (black circles), 106 (purple circles), 107 (light
blue circles), 108 (blue circles), 109 (green circles), 110 (yellow circles), 111
(orange circles), and 112 K (red circles). The red lines show example 7 vs L curves
where G and J, were chosen to match = for a 50 ML film at 105 K and have
Xgr = 400 (dotted line) and 600 ML (dashed line). The red solid line is indicates
a 7 dependence of L="°. (b) A log-log plot of the 7 values in (a). Also plotted
are power law fits, T ~ L%, to the 50-200 ML data (black dashed lines) and the
400-1000 ML data (blue dashed lines) and the corresponding fit values for a.

that for L > 400 ML, a is always significantly less than —1/3, rather
than asymptotically approaching zero as one would expect for bulk
nucleation. Note that in some experiments where the sample quickly
crystallizes after a single crystalline nucleus forms, the crystallization
time scales as V™!, where V is the volume of the sample. Defining
the crystallization time in such situations has been discussed pre-
viously.” However, since numerous crystalline nuclei form during
our experiments, this explanation is not applicable here.”””” As dis-
cussed in more detail below, these and other results suggest that the
crystallization of the acetonitrile films is a combination of multiple
nucleation and growth mechanisms.

Arrhenius plots of the 7 data in Fig. 5 are shown in Fig. 6(a).
The solid lines are fits to the 7 values for films of the same thickness.
The slopes for films with thicknesses from 400 to 1000 ML are nearly
parallel, but below 400 ML, the slopes increase with the decrease in

J. Chem. Phys. 154, 144703 (2021); doi: 10.1063/5.0045461
Published under license by AIP Publishing

154, 144703-5


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

10*t

@
®oq0%L
1000 ML
102 . . . . - :
89 90 91 92 93 94 95 96
70 . _1000/T(K) 0%
b) | 23
60 | j10
50 F | e
0 j10
o P -
E 40 ; 101® y
s —_— al
< 30f i &
& 107
20 F i
— 15
10 110
1
0 10"

0 200 400 600 800 1000
Film Thickness (ML)

FIG. 6. (a) Arrhenius plot of the = values in Fig. 5 for various film thicknesses.
The experiments were conducted at film thicknesses of 50 (red circles), 100 (blue
circles), 200 (orange circles), 400 (purple circles), 600 (purple circles), 800 (light
blue circles), and 1000 ML (black circles). The lines are Arrhenius fits to the data
points. (b) Plot of the Arrhenius parameters obtained from the fits displayed in (a).
The scale of the activation energies (blue circles) is on the left-hand side and the
scale of the prefactors (red circles) is on the right-hand side.

film thickness. The extracted Arrhenius fit parameters are displayed
in Fig. 6(b). For film thicknesses from 1000 to 400 ML, the activation
energies (blue solid circles), E,, vary over a narrow range from ~34
to 39 kJ/mol. For film thicknesses below 400 ML, the E, increases
steeply to near 60 kJ/mol for the 50 ML film. A similar trend is
observed for the prefactors, v = 1/7, (red solid circles), with the val-
ues for film thicknesses from 1000 to 400 ML being relatively close,
ranging from 1 x 10" to 5 x 10" s7%, and the prefactors for film
thicknesses below 400 ML increasing to a value of 2 x 10** s™*. The
prefactors for the thinner films are larger than the typically observed
range of 10"°-10"7 s™" and suggest that there are multiple crystal-
lization mechanisms or that the kinetics are dependent on the film
thickness. If this is the case, a simple interpretation of the Arrhenius
parameters is not possible.

As discussed above [Eq. (1)], the value of n obtained from fits to
the Avrami equation is often used to gain insight into the crystalliza-
tion mechanism. However, obtaining good fits to the crystallization
curves in Fig. 4 is difficult because of the slow crystallization at longer
time. Another approach is to rearrange Eq. (1) to the following form:

Bl o
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Using Eq. (2), an estimate of n can be obtained from a plot of the
left-hand side of Eq. (2) vs In(t/7). The procedure is illustrated in
Fig. 7 for the 108 K crystallization curves where the solid lines are
calculated from the experimental data for all film thicknesses. For
reference, the dashed lines are calculated using the assumed fixed
values for n. The curves for most film thicknesses initially have »n
values between 3 and 4, with the 50 ML film having an #n between 2
and 3. Above the t = 7 point, the # values, for all of the films, change
to a value closer to 0.5. Clearly, there is not a single value of n that can
describe the overall crystallization mechanism for a given isother-
mal experiment. Furthermore, the plot shows that there is no single
mechanism that can describe the crystallization kinetics for all the
different film thicknesses.

The results presented in this section show that the crystalliza-
tion kinetics of acetonitrile films do not follow a simple mechanism.
Both the thickness dependence and the slow crystallization rates
at long times suggest that the kinetics are complicated and could
involve a combination of bulk and interfacial nucleation and growth
processes. In Sec. 111 C, we explore the effects of various interfaces
on the crystallization kinetics.

C. Interface effects on the crystallization kinetics
of acetonitrile films

In this section, we study the effects of various interfaces on the
acetonitrile crystallization kinetics. In prior work on the crystalliza-
tion of ASW films, the films were deposited on top of a decane layer
to eliminate possible substrate-induced nucleation that might occur
on the ordered graphene.” " The idea is that amorphous decane
deposited at a low temperature will not form an ordered surface,
thus minimizing the possibility of it acting as a nucleation or growth
template.

Figure 8 displays the crystallization results for 100 ML films of
acetonitrile deposited on various thicknesses of decane at 109 K. The
results in Fig. 8(a) show that the fraction crystallized curves shift
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FIG. 7. Analysis of the fraction crystallized curves for various acetonitrile film thick-
nesses on a graphene covered Pt(111) substrate at 108 K. The film thicknesses
are 50 (red solid line), 100 (blue solid line), 200 (orange solid line), 400 (green solid
line), 600 (purple solid line), 800 (light blue solid line), and 1000 ML (black solid
line). The dashed lines are calculated using Eq. (2) for various assumed values for
nof0.5,1,2,3,and 4.
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FIG. 8. (a) Fraction crystallized vs time curves for 100 ML thick acetonitrile films
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to earlier time with the increase in the decane layer thickness. The
7 values from these experiments and those obtained at other tem-
peratures are plotted in Fig. 8(b). The results for all temperatures
show a similar trend, with 7 being relatively constant for decane lay-
ers less than 20 ML, decreasing between 20 and 50 ML, and then
being relatively constant above 50 ML. The relative magnitude of
the thickness dependence is the same for all temperatures, which is
demonstrated in Fig. 8(c) by rescaling 7 by the value obtained with
no decane underlayer (0 ML point). The rescaling collapses all the
7 values into a single curve. The crystallization kinetics dependence
on the thickness of the decane layer suggests that the kinetics are
affected by being further from the Pt(111) substrate or that a mini-
mum decane film thickness is needed to achieve a consistent surface
structure. Because the effect saturates above ~50 ML, in subsequent
experiments with decane underlayers, we will use a 70 ML thick
layer.

Figure 9 shows the results for acetonitrile films grown in four
different configurations and crystallized at 110 K. Plotted are the
7 values vs acetonitrile film thickness for films grown directly on
graphene (black diamonds), on a 70 ML decane underlayer (red
squares), on graphene with a 70 ML decane overlayer (blue trian-
gles), and on a 70 ML decane underlayer and capped with a 70 ML
decane overlayer (green circles). Clearly, the presence of a decane
underlayer, a decane overlayer, or both has an effect on the crys-
tallization kinetics. The decane underlayer and overlayer appear to
affect the kinetics differently. For example, the crystallization rates at
most thicknesses are faster for the two configurations with a decane
underlayer (red squares and green circles) than for the two configu-
rations without an underlayer (black diamonds and blue triangles).
This result suggests that the graphene substrate does not act as a
nucleation/growth template or at least not as the primary nucleation
mechanism.

The decane overlayer also has an effect on the crystallization
kinetics although the effect is less pronounced for thicker films. For
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FIG. 9. Plot of = values vs film thickness for acetonitrile films crystallized at 110 K
in four different film configurations. The results are for films grown directly on
graphene (black diamonds), on a 70 ML decane underlayer (red squares), on
graphene with a 70 ML decane overlayer (blue triangles), and on a 70 ML decane
underlayer and capped with a 70 ML decane overlayer (green circles).
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example, comparing the two configurations with decane underlayers
(red squares and green circles), the 7 values are nearly the same at all
thicknesses except for the 50 ML film where 7 increases dramatically
for the configuration that also has a decane layer on top (green cir-
cles). A similar trend is observed for the two configurations without
decane underlayers (black diamonds and blue triangles). In this case,
the 7 values are within ~30% for films with thicknesses from 1000 to
400 ML but increase more steeply for thinner films (<300 ML) for
the configuration with a decane overlayer. These results suggest that
capping the film at the vacuum interface may impede the nucleation
at that surface; however, this nucleation source only affects the over-
all crystallization kinetics for relatively thin films. This suggests that
other nucleation mechanisms dominate the crystallization kinetics
for thicker films.

Additional experiments were conducted to gain insight into
the acetonitrile crystallization kinetic mechanisms. Figure 10 dis-
plays the results comparing the crystallization kinetics between the
CH3CN and CD3CN isotopes. The crystallization curves for 200 ML

Fraction Crystallized

Time (s)
0 Temperature (K)

10 % I

103}

1/7(s"

89 90 91 92 93 94 95 96

10 : :
1000/T(K)

FIG. 10. (a) The fraction crystallized vs time curves for a 100 ML CH3CN (red
curves) and CD3CN (blue curves) films deposited on a graphene covered Pt(111)
for temperatures from 105 to 112 K. (b) An Arrhenius plot of the 1/z values for the
curves displayed in (b). The solid lines are fits that yielded a prefactor of 2.5 x
10"7%2 s=" and an activation energy of 42.5 + 4 kJ/mol for CH3CN (red line) and a
prefactor of 4.2 x 10'7+2 s=" and activation energy of 43.0 + 4 kJ/mol for CD;CN
(blue line).
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films deposited at 60 K on a graphene covered Pt(111) substrate for
a series of isothermal temperatures are displayed in Fig. 10(a). The
results show that for all temperatures from 105 to 112 K, the crystal-
lization of CH3CN (red curves) occurs slightly before CD3CN (blue
curves). An Arrhenius plot of the 1/7 values for the curves is dis-
played in Fig. 10(b). The solid lines are fits that yielded a prefactor
of 2.5 x 10'"** 57! and an activation energy of 42.5 + 4 kJ/mol for
CH;CN and a prefactor of 4.2 x 10'7*? s™! and an activation energy
of 43.0 + 4 kJ/mol for CD3CN. The isotope effect is relatively small
with the crystallization rate for CH3CN being only a factor of ~1.09
times faster than the deuterated form.

Another factor investigated was the effect that a crystalline tem-
plate has on the crystallization kinetics. In these experiments, the
acetonitrile films were deposited on a 100 ML crystalline layer and
capped with 70 ML of decane. The deuterated isotope was used for
the crystalline layer so that the CDj stretching peaks did not inter-
fere with those for CH3CN. The films were capped to minimize the
possibility of a crystalline growth front forming at the vacuum inter-
face. The fraction crystallized vs time curves for 100 (red curve) and
200 ML (blue curve) thick acetonitrile films at 110 K are shown in
Fig. 11(a). The same data are plotted as the number of monolay-
ers crystallized vs time in Fig. 11(b). The slower crystallization rate
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FIG. 11. (a) Fraction crystallized vs time curves for 100 ML (red curve) and 200
ML (blue curve) CH3CN films at 110 K that were deposited on a 100 ML crystalline
CD3CN layer and then capped with 70 mL of decane. (b) The results from panel
(a) plotted as the number of monolayers crystallized vs time.
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for the thinner film and the x(¢) line shapes in Fig. 11(a) are similar
to the observations for non-templated films presented above. One
would expect that the presence of a crystalline template would facili-
tate the formation of a growth front that would dominate the overall
crystallization kinetics.”’ In this scenario, the crystallization front
would move through the two films at the same rate, and thus, the
thinner film would crystallize sooner. In addition, the curves showing
the number of monolayers crystallized vs time should initially align
onto a single straight line with a saturation time that increases the
film thickness. It is clear that the curves [Fig. 11(b)] for the 100- and
200-ML films do not align (or for very long) and that the curves are
not linear. This suggests that crystalline growth is not significantly
influenced by the crystalline template.

IV. DISCUSSION

The results presented in this paper clearly show that the crys-
tallization kinetics for acetonitrile are complicated. This is demon-
strated by the results for films deposited on a graphene layer pre-
sented in Figs. 2-7. The first puzzling result is the line shape of the
fraction crystallized vs time curves in Figs. 2—4. The curves do not
plateau but instead continue to increase at longer times. The contin-
ued slow growth at long times has been observed in the growth of
nanocrystals and has been attributed to Ostwald ripening.” We do
not believe that Ostwald ripening is the explanation here. The rea-
son is that the peak positions and isosbestic points for the spectra in
both the fast and slow crystallization rate regions do not change [see
Fig. 2(a)]. Prior work on water film crystallization has shown that
Ostwald ripening results in changes in the infrared peak shape and
position.””"’

Instead, we think that the crystallization mechanism may
change when the fraction crystallized approaches one. Support for
this interpretation comes from the results in Fig. 7. The plots show
that for all film thicknesses, the Avrami n value changes from
between 3 and 4 to closer to 0.5-1 when the fraction crystallized
is greater than ~0.632 (i.e., 1 — ¢”'). One explanation could be that
there are regions where molecules are trapped and cannot easily con-
vert to the crystalline phase. The two acetonitrile crystalline phases
require either parallel (HT) or perpendicular (LT) dimer pairs with
their positive (methyl) and negative (CN) ends arranged to maxi-
mize their electrostatic interactions. Molecules that are out of align-
ment may find large activation barriers for realignment once these
dimer pairs are formed. Prior work suggests that the amorphous ace-
tonitrile film may consist of randomly oriented (antiparallel dipole-
bound) dimer pairs and that large activation barriers may exist to
reorient the individual monomers.””*

The second puzzling result is the thickness dependence of the
crystallization kinetics. The data in Fig. 5 show that the crystalliza-
tion time is a factor of ~11 longer for a 50 ML film than for a 1000 ML
at 105 K and a factor of ~2.1 longer for the same film thicknesses
at 112 K. If the crystallization mechanism was dominated by inter-
facial nucleation, then one would expect the crystallization time to
increase with the film thickness as the crystallization growth front
moves through a thicker film, but this is not observed. The observed
decrease in crystallization times with thickness suggests that bulk
nucleation plays a role, while the continued decrease in 7 for thick
films indicates that the bulk limit has not yet been reached even
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for 1000 ML thick films (see Fig. 5). However, several observations
are incompatible with a simple model of homogeneous nucleation
and growth as follows: (1) The rate of change in the crystalliza-
tion time vs thickness has the wrong shape [see Fig. 5(b)]. (2) For
T < 109 K, the ratios of the maximum to minimum nucleation
times vs coverage (at a given temperature) are too large [ie., the
ratios are >(1000/50)® ~ 2.71]. (3) The crystallization prefactors
and activation energies depend on the thickness of the films [see
Fig. 6(b)], instead of being independent of the thickness. This leads
to smaller changes in T vs thickness at high temperatures compared
to lower temperatures (see Fig. 5). (4) Finally, the crystallization
kinetics are dependent on the nature of the two interfaces (sub-
strate and vacuum). For example, even for thick films, the nature
of the interface changes the crystallization rate by a factor of 2.5
(see the 1000 ML film data in Fig. 9). One would expect the inter-
face effects to be minimal if the mechanism was dominated by bulk
nucleation especially in thicker films. Interface effects are known
to play a role in crystallization in many systems, including amor-
phous water films.””*’ However, as discussed above, there are many
differences in the crystallization kinetics of amorphous water and
acetonitrile.”” "’

The data suggest that nucleation occurs throughout the films
but with a rate that depends on the distance from the interfaces,
possibly including nucleation directly at the interfaces. For example,
bulk nucleation where the probability increases with the film thick-
ness should be able to reproduce some of the results shown in Fig. 5.
Support for a thickness-dependent nucleation rate comes from the
Arrhenius parameters shown in Fig. 6. Those data show that the
prefactors and activation energies for films thicker than 400 ML
have nearly the same values. For films less than 400 ML, the Arrhe-
nius parameters increase with a decrease in thickness, suggesting a
change in the crystallization mechanism.

These ideas were explored in Figs. 8 and 9 where decane
layers were added to the substrate and vacuum interfaces. The
results in Fig. 8 showed that for a given film thickness (100 ML
in this case), the crystallization time depended on the thickness of
a decane underlayer. This result also seems to contradict the idea
that the acetonitrile crystallization is dominated by bulk nucleation.
For example, if bulk nucleation was the primary mechanism, then
one would expect that for a given film thickness, the crystalliza-
tion kinetics would be completely independent of the decane layer
thickness. Instead of preventing interaction with the graphene sur-
face, the role of the underlayer seems to be to increase the dis-
tance of the acetonitrile film from the graphene covered Pt(111)
substrate.

The results in Fig. 9 show that the presence of a decane under-
layer does affect the crystallization rates. For example, compare the
rates of the films with decane underlayers (red squares and green
circles) vs those without them (black diamonds and blue triangles).
However, it is not clear whether these observations are due to a
change in the interface (graphene vs decane) or to the film being
further from the surface. There is also an effect of having a decane
layer at the vacuum interface. If one compares the two experiments
with decane underlayers, the 50 and 100 ML films with a decane
cap (green circles) have longer crystallization than those without
them (red squares). For films without decane underlayers, compar-
ing films without a decane cap (black diamonds) and those with
a decane cap (blue triangles) shows that the effect is even larger.
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The observation that a decane cap layer can slow the crystallization
rate has been seen previously for the crystallization of amorphous
solid water films."””* The explanation is that molecules at the vac-
uum interface have more mobility than those in the bulk and that
the presence of a decane cap impedes nucleation at the free vac-
uum interface. Note that for thicker films, the decane cap effect does
not affect the crystallization rate, indicating that other nucleation
mechanisms are involved.

Experiments comparing the crystallization rates of the CH;CN
and CD3CN in Fig. 10 showed a weak isotope effect of kr/kp = ~1.09.
This is in contrast to the isotope effect for amorphous solid water
where the crystallization of H,O films is a factor of 6.6 times faster
than that for D,0.°* Figure 11 shows that the presence of a crys-
talline template does not result in the formation of a crystalline
growth front. The crystallization mechanism for many substances
consists of an initial nucleation step that is followed by growth. Typ-
ically, the kinetic barrier for nucleation is larger than that for growth,
which results in the canonical sigmoidal x(¢) line shape (slow, fast,
and slow kinetics).””** The initial slow region is ascribed to an
induction period due to the relatively slow nucleation kinetics. The
presence of a crystalline template should have eliminated the need
for nucleation, resulting in the immediate onset (~t = 0) of crys-
tallization across the template creating a growth front that moves
linearly through the film. The results in Fig. 11 clearly show that this
is not the case. This is in contrast to the crystallization of amorphous
water films where a crystalline template was used to decouple nucle-
ation and growth, which allowed for the direct and independent
measurement of the growth kinetics.”” The observations here sug-
gest that the acetonitrile crystallization mechanism is considerably
more complicated than that for amorphous solid water.

Clearly, the crystallization of the acetonitrile films involves a
combination of multiple nucleation and growth mechanisms. We
spent a considerable amount of time and effort in developing kinetic
models that included nucleation and growth at the substrate inter-
face, vacuum interface, and in the bulk. The model required pref-
actors and activation energies for nucleation and growth for each
location. We had hoped to directly measure the growth parameters
by depositing amorphous films on crystalline templates. However, as
shown in Fig. 11, the presence of the crystalline layer did not lead to
the formation of a linear crystalline growth front. Furthermore, the
data in Fig. 8 suggest that the distance from the graphene covered
Pt surface is an additional factor in the kinetics. Specifically, being
closer to the surface acts to retard the crystallization. We incorpo-
rated the idea of a “dead zone,” a region near the surface where the
kinetics were slowed, into some preliminary kinetic models. This
improved the results; however, with so many undetermined param-
eters in the model, assigning in physical significance to the results is
difficult. We are currently still working on sorting out the kinetics
for this complicated system.

V. SUMMARY

The combined results in this paper show that the crystalliza-
tion kinetics for nanoscale acetonitrile films are very complicated.
It is likely that this complexity is due to the relatively large dipole
moment (3.92 D) of acetonitrile. It is possible that the crystalliza-
tion kinetics could be affected by the electric field that extends from
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the graphene covered Pt(111) metal substrate. In this scenario, the
highly polar acetonitrile molecules would align or partially align
due to the field arising from image potentials, and this could make
molecular rearrangements more difficult due to a higher energy bar-
rier. If this is the case, it could explain the slow crystallization kinet-
ics of thin films and why the crystallization rate increases for films
with a decane underlayer. The idea is that the decane layer moves the
acetonitrile film to a distance where it is not affected by the surface
electric fields. However, the idea that the distance from the substrate
affects the crystallization kinetics is conjecture and further exper-
iments are needed to test this idea. In future work, we will work
on understanding the crystallization kinetics using numerical sim-
ulations that treat both bulk and interface nucleation and growth
mechanisms. We will also explore other systems with large dipole
moments (e.g., propyne, dipole = 0.7 D) to further test the effects
of electric fields.
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