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Reaction induced morphology changes of
tetracene and pentacene surfacest

Feifei Li‘® and Jacob W. Ciszek (2*

Morphology plays a critical role in determining the properties of solid-state molecular materials, yet
fluctuates wildly as these materials undergo reaction. A prototypical system, a vapor—solid Diels—Alder
reaction of tetracene and pentacene thin-films, is used to observe the evolution of morphology features
as the reaction transitions from surface to bulk. The initial stages of reaction display little topographical
change as measured by atomic force microscopy (AFM) and scanning electron microscopy (SEM), and
substrates are coated with a uniform layer of product 1-2 molecules thick, as determined by energy-
dispersive X-ray (EDX) spectroscopy. The highly textured surfaces of late stage reactions are a result of
aggregated products, as identified via EDX spectroscopy and polarization modulation infrared reflection
absorption spectroscopy (PM-IRRAS); areas of the surface in between product aggregates resemble the
initial stages. The mechanism by which products aggregate into surface asperities requires the assistance
of a facilitating media — in this case condensed vapor; simple thermally assisted surface diffusion was
unable to generate these morphology changes. The combined data indicate that reactions of molecular
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Introduction

In molecular solids, morphology effects often exceed the influ-
ence of chemical functionalities in determining the materials
properties. For example, in organic light emitting diodes, pyr-
idyl tetrazolate complexes display tunable color and efficiency
based on thin film morphology which dictates the concentra-
tion of dimer states." In organic transistors, the degree of
crystallinity and orientation of the molecules within the film
dominate transport properties such as mobility.>* In pharma-
cology, Ritonavir is a classic example of drug efficacy impacted
by morphology; here Form II's decreased solubility and its
incompatibility with formulation resulted in a market crisis for
its manufacturer.* Numerous other examples fill the
literature.>”

Due to this outsized role in materials properties, it is
important to understand reactions of these molecular materials
from a morphological standpoint as well as a chemical one.?
Morphological changes are quite common in reactions of
molecular solids. Excepting single crystal to single crystal
reactions,’® the reaction of molecular solids generally produces
compounds that are unable to fit within the original lattice
structure. The geometrical mismatch with the original lattice
generates pressure which can be relieved by lattice
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solids, could be confined to the surface in the absence of condensate of the vapor phase reactant.

rearrangement or, more commonly, molecular migration.' The
result is a solid whose morphology bears little resemblance to
the original structure. These changes have been extensively re-
ported for molecular substrates such a crystalline p-carbox-
yaniline, anthracenes, and benzimidazole."

While the final systems are well characterized, the mecha-
nism by which these interfacial reactions proceed is still poorly
defined. Kaupp has extensively classified the formed topog-
raphy of the reacted molecular surfaces (craters, islands, floes,
etc.)"” but the findings lack any relationship between chemical
structure and formed topographies. Braga has performed
extensive studies on the final polymorphic forms of barbituric
acid or ferrocene dicarboxylic acid reacted with amines,""* but
information on reaction propagation is absent. These works
have a limited ability to establish reaction mechanisms because
they miss the transient states associated with the initial surface
reaction. For example, little is known about reactant adsorption
phenomena which should dictate the kinetics of the reaction
and morphology changes. Basic information such as the surface
coverage during reaction (which could determine whether
formed products passivate the surface and inhibit further
reaction) is lacking.” Even the composition of various
morphology features observed in incomplete reactions is
unknown.' In concert, this information could shine light on
the mechanism by which surface reactions propagate into the
subsurface and bulk.’®" It is essential to answer these ques-
tions as surface phenomenon generally dominate the processes
for the reaction of solid materials.**>*

This journal is © The Royal Society of Chemistry 2019
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This can be studied via Diels-Alder reaction of vapor-phase
adsorbates with pentacene and tetracene thin film. These
particular materials have extensive film characterization®*>°
and are prototypical organic semiconductors. Pentacene, in
particular, is a ubiquitous transistor material,**** and has
functioned as hole injection layer in OLEDs,* the semi-
conductor in metal-insulator-semiconductor (MIS) memory,*
or even as a sensitizers in singlet-fission solar cells.*® The
acenes also contain numerous double bonds which are primed
to react with a dienophile via a Diels-Alder reaction, whereby
a vapor-phase adsorbate bonds to the surface. The Diels-Alder
reaction itself is a simple, concerted, bi-molecular reaction
which generates no biproducts.’” As such, monitoring the
surface species generated within this study is simplified. Its 90
years of history provide ample groundwork on the rates,
transition states, isomer stabilities, stereostructures, and
stability,?” all of which may impact solid state reactivity. This
precedence includes a handful of studies on the reaction of
these molecular surfaces, precedence which guides the
experiments herein.**"’

Within this work, we report on transient states formed
during Diels-Alder reaction of tetracene and pentacene
molecular surfaces. Surface topography is continuously
monitored to observe surface passivation and later surface
asperity formation (Fig. 1), while correlating these obser-
vations with changes in molecular identity. A model
describing morphology evolution can be formed when this
data is coupled with similar measurements tracking the
composition of the underlying substrate. This, and the
subsequent mechanistic insight, has great importance for
generating monolayer type materials for interface engi-
neering'®***® as well as complete reaction of molecular
materials.

Experimental section
Materials

All evaporation metals are of 99.9% or greater purity. Sublimed
grade tetracene and pentacene, maleic anhydride, N-methyl-
succinimide, and 200 proof ethanol (ACS grade) were
commercially obtained and used without further purification.
The standard N-methylmaleimide-tetracene adduct
synthesized as reported previously.*®

was
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Fig. 1 General mechanism for the Diels—Alder reaction between
tetracene thin film and vapor-phase maleic anhydride.
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Preparation of gold substrates

Cut microscope slides (11 x 25 x 1 mm) were cleaned in
piranha solution (3 : 1, H,SO, : H,O,) for 30 min. The slides
were rinsed with copious amounts of 18 MQ water and 200
proof ethanol, sonicated for 20 min in ethanol, and dried under
a stream of nitrogen. Microscope slides were then mounted in
a thermal evaporator (Kurt J. Lesker NANO38). A 5 nm chro-
mium adhesion layer was deposited, followed by 100 nm of gold
at a base pressure of <1 x 10~ ° torr. Both metals were evapo-

rated at a rate of 1 A s 1.

Deposition of tetracene thin film

Tetracene was placed onto a cartridge heater at the bottom of
a home built sublimation chamber. A freshly prepared gold
substrate was added to the chamber. Upon evacuation to a base
pressure 3 x 10 ° torr, liquid nitrogen was added to the trap
system and the heater was turned on. Thickness was monitored
via quartz crystal microbalance (QCM) and when a stable
deposition rate of 1 A s~ * was reached, the substrate shifted into
the main chamber for deposition. Deposition continued until
the film reached a thickness of 100 nm and then the sample was
removed. After deposition, the substrate was allowed to cool
under high vacuum for 30 min.

Deposition of pentacene thin film

The 50 nm pentacene thin films were deposited using the same
protocol as the above tetracene thin films deposition process,
but at slightly higher source temperatures.

Diels-Alder reactions on thin-film surfaces

Tetracene/pentacene thin-film substrates were placed into
a 100 mL Schlenk tube sealed with a hollow end stopper along
with approximately 8 mg of solid adsorbate in a small vial. The
air within the Schlenk tube was evacuated and filled with
nitrogen three times. The sealed vessel was then heated in
a furnace at the temperatures described in the main text. After
completion of the reaction (8-72 h), the vapor-phase dien-
ophiles were condensed away from the substrate by cooling one
end of the flask with dry ice. Any physisorbed material was
removed by first exposing the sample to less than 10> torr
(roughing pump) for 15 min before subjecting it to pressures
less than 10~° torr (turbomolecular pump) for 1 h.

Deposition of standard N-methylmaleimide-tetracene adduct

The solution synthesized standard N-methylmaleimide-
tetracene adduct* was placed into a cartridge heater at the
bottom of a home built sublimation chamber. A freshly
prepared 100 nm tetracene substrate was added to the chamber.
Upon evacuation to a base pressure 3 x 10 ° torr, liquid
nitrogen was added to the trap system and the heater was
turned on. Thickness was monitored vie QCM and when
a stable deposition rate of 1 A s~! was reached, the substrate
shifted into the main chamber for deposition. Deposition
continued until the film reached a thickness of 7 nm and then

RSC Adv., 2019, 9, 26942-26948 | 26943
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the sample was removed. After deposition, the substrate was
allowed to cool under high vacuum for 30 min.

PM-IRRAS analysis of thin films

The composition of the thin films was assessed both before and
after the reaction via polarization modulation infrared reflec-
tion absorption spectroscopy using a Bruker Optics Tensor 37
FTIR equipped with a PMA 50 accessory and a MCT detector.
The reaction progress was assessed by comparing newly
generated IR vibrations to those within a spectrum of a stan-
dard solution-synthesized adduct, and additional information
gleaned from the consumption of substrate peaks. The thin

films were analyzed at a resolution of 8 cm™".

Atomic force microscopy imaging of thin films

The surface morphologies of the 100 nm continuous tetracene
thin film and tetracene thin films that had been reacted for 8 h
with maleic anhydride were analyzed using atomic force
microscopy. The thin films were imaged in air with NTEGRA
SPM (NT-MDT Spectrum Instruments, Moscow, Russia). The
instrument was operated in Amplitude Modulation (tapping)
mode using Si AFM cantilevers (NSG10, NT-MDT Spectrum
Instruments) with a nominal tip radius of 6 nm. The images
were collected at scan rate of 1 Hz and are 512 x 512 points. The
root-mean-square (rms) roughness of the thin films (both pure
tetracene and 8 h maleic anhydride tetracene adduct) was
calculated from the obtained topography images using Image
Analyses software (NTEGRA SPM (NT-MDT Spectrum
Instruments)).

Scanning electron microscope imaging and energy dispersive
X-ray spectrometer analysis on thin films

Thin-film surface topography and morphology were studied
using a HITACHI SU3500 scanning electron microscope
equipped with a QUANTAX Compact system for energy disper-
sive X-ray spectroscopy. The QUANTAX Compact system
contains a 30 mm?® silicon drift detector capable of 129 eV
energy resolution. The accelerating voltage was between 1-5
keV. The spectrometer signal intensity was roughly 10k cps.
SEM images were acquired at an accelerating voltage between 1-
5 keV and a sample angle of either 0° or 85°.

Results and discussion

The morphologies for tetracene and pentacene films are well
established. When deposited onto most surfaces, the molecules
adopt a thin-film phase, whereby the molecules are oriented
perpendicular to the surface in a compressed unit cell.”> This
can be interconverted to the bulk phase, where the acenes are
slightly tilted from the surface normal via exposure to solvent or
other means.” It is also possible to orient tetracene and pen-
tacene planar on the surface: the initial molecules prefer a flat
orientation when deposited onto a clean, high-energy
surface.”®** Additional deposited material maintains this
planar orientation.>® Grazing angle X-ray diffraction commonly
distinguishes between the two perpendicular phases ((001 and
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001') orientation) and the planar orientation (mostly
(110)).22252¢ Additionally, infrared spectroscopy can be an
effective tool for providing this same information. The out-of-
plane bending vibrations of the aromatic rings (907,
731 cm™") dominate the planar orientation while numerous
ring stretches (1445, 1162, 990 cm™ ') appear prominently in the
thin-film and bulk phase. Within the perpendicular orienta-
tions, crystalline domains are readily expressed; grains range
from 0.8 pm to 5 um and can be controlled via deposition
temperature.”” In contrast, planar orientation of the molecules
forms smaller rod-like domains. More extensive details can be
found in recent reviews.”®*® This work focuses primarily on the
planar oriented acenes, and representative infrared (IR), atomic
force microscopy (AFM), and scanning electron microscopy
(SEM) data can be found in Fig. 2.

This work began by reacting the planar-oriented tetracene in
Fig. 2 with vapors of maleic anhydride at 40 °C. Over the span of
45 h, the reaction was intermittently examined via IR which
provides the ability to observe both substrate and product
signals. As seen in Fig. 3a and b, the reaction proceeds in a fairly
linear fashion with the increase in product occurring nearly in
lock step with reaction time. The product carbonyl stretch (ca.
1770 cm ™ ') and ring deformation (ca. 940 cm™")*! indicated in
the figure correspond only to covalently bonded species as
unreacted maleic anhydride is eliminated during the reaction
workup.™ The signal intensity at 8 h roughly corresponds to a 1-
2 molecule thick layer of coverage,” with later points being
proportionally more. Complementary changes were also seen in
signals from the underlying substrate. IR measurements indi-
cate that roughly 2% of the tetracene film is consumed at the
first point (8 h), while 17% of the tetracene remains at the
reactions termination (45 h) (Fig. S1, ESIT).

These initial stages of thin-film reaction progress were then
examined for morphology changes via SEM. As can be seen in
Fig. 3c-f, the reaction progress had a non-linear effect on the

(@)
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Fig. 2 Continuous tetracene thin film (100 nm) with molecules in
planar orientation. (a) PM-IRRAS spectrum showing the out-of-plane
bend at 907 cm™. (b) SEM image at an electron energy of 5 keV. (c)
AFM image measured in tapping mode. The RMS roughness of this
area is 20 nm. (d) SEM image with sample tilted 85° at an electron
energy of 5 keV.
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Fig. 3 (a, b) PM-IRRAS spectra of the reaction between a 100 nm
tetracene thin film and maleic anhydride at different reaction times.
From top to bottom: red (45 h), green (36 h), blue (18 h), orange (8 h),
and black (pure tetracene). (c—f) SEM images of corresponding maleic
anhydride reacted tetracene thin-films at different reaction times: (c)
8 h, (d) 18 h, (e) 36 h, (f) 45 h. All SEM images were taken at an electron
energy of 5 keV.

surface morphology. After 8 h, the surface appears to be mostly
unperturbed, with only a handful of nanometer size features
observable, and surface morphology appears unchanged at this
point. This is interpreted to mean the majority of the 1-2
molecular layers of reaction product is distributed somewhat
evenly over the surface (confirmed later via topographic and
spectroscopic measurements, vide infra). The 8 h data is in stark
contrast to subsequent time points, where dark asperities begin
to form on the surface. These dark features reached nearly 5 pm
in size and the areas they occupy increased with time. Beyond
the first 8 hours, any additional product formed (IR) is strongly
correlated with the sizes of the asperities. Because of this rela-
tionship, the asperities are presumed to be product.

The asperities’ identity was confirmed to be product based
off SEM and energy-dispersive X-ray (EDX) spectroscopy of
extended reactions (Fig. S2, ESIt). Surfaces reacted for 7 and 10
days were shown to have 68% and >90% of the tetracene
consumed (IR), and asperities continued to grow until all the
substrate is consumed (Fig. 4a). EDX analysis of highly reacted
surfaces show the dark asperities to be comprised nearly
entirely of carbon and oxygen in roughly a 1 : 10 ratio consistent
with the molecular formula of the adduct (C,,H;,05). EDX data
has been mapped (Fig. 4) and the associated elemental analysis
can be found in the ESI (Fig. S3, ESI). Since these product
asperities are not observed in the initial 8 h images, we postu-
late that, at this early time, a 1-2 molecule thick layer initially
forms, and any additionally generated product begins to
aggregate if the reaction is allowed to continue.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 SEM imaging and EDX element distribution mapping of
aggregated features on a tetracene surface that has been fully reacted
with maleic anhydride (72 h, 50 °C). Data taken at 5 keV. (a) SEM
imaging. (b) Au distribution map. (c) C distribution map. (d) O distri-
bution map (e) merged SEM image, with Au and C distribution maps. (f)
Merged Au and O distribution maps. Scale bars are 60 um.

The aggregates of product appear general to reactions of
molecular surfaces, but their appearance can be quite varied.
Similarly shaped asperities have been reported before with the
combination of N-methylmaleimide with pentacene'® and tet-
racene."” Additionally, we have found pentacene films reacted
with maleic anhydride (50 °C, 2.5 h) also form these same
aggregates of product (Fig. 5). Both our data and previous

Fig. 5 (a) SEM image of a 100 nm thick tetracene thin film reacted for
18 h at 40 °C with maleic anhydride. (b) SEM image of a 50 nm thick
pentacene thin film reacted for 2.5 h at 50 °C with maleic anhydride
adduct. (c) SEM image of the same tetracene thin film as in (a) tilted
85°. (d) SEM image of the same pentacene thin film as in (b) tilted 85°.
All SEM images were taken at an electron energy of 5 keV.

RSC Adv., 2019, 9, 26942-26948 | 26945
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reports are consistent with a mechanism where the initial
reaction has minimal aggregation, but a later step results in the
formation of product clusters. It is also important to note that
not all aggregates are identical in morphology. The dark
aggregates of product found when reacting tetracene with
maleic anhydride protrude from the surface. This can be seen in
Fig. 5¢ where the sample has been tilted 85°. Here, all of the
largest features are observed to protrude from the surface; the
largest 20 features extended out roughly 1 pm. Product aggre-
gates on pentacene (Fig. 5d) were markedly different. Here only
the very largest of the aggregates had any measurable height,
most appear to wet the surface. Additionally, aggregates differ
in texture; protrusions on tetracene display rough edges, while
on pentacene the product aggregates are smooth and almost
molten. It is important to note that this difference is not just
a function of reaction temperature - tetracene samples reacted
at 50 °C (e.g. Fig. S4, ESIY) also protrude from the surface after
2.5 h and during extended reaction evolve to a crystalline like
appearance, similar to Fig. 4a.

A series of three measurements were then performed to
confirm our basic model of surface composition. First, the 8 h
sample was reexamined via EDX to confirm the extent of
coverage at the initial stage of reaction. As mentioned earlier,
the intensity of the carbonyl stretches corresponds to a reaction
that has converted the top 1-2 molecular layers (~2-4 nm) while
the lack of visible aggregates suggest that the product is
dispersed over the surface. EDX analysis confirmed this. At
a low acceleration voltage (1 keV) the percentage of oxygen over
this surface is 2.1% (Fig. 6a and S5, ESIf). This is in good
agreement with Monte Carlo simulations of a model containing
2 nm of product (C,,H;403), on top of 98 nm of tetracene
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Fig. 6 (a) EDX spectrum of a 100 nm thick tetracene thin film reacted

for 8 h at 40 °C with maleic anhydride. The insert provides quantifi-
cation of the atomic composition. (b) SEM image of a 100 nm thick
tetracene thin film reacted for 8 h at 40 °C with maleic anhydride. The
percentage oxygen for each region was determined by EDX. (c)
Percentage oxygen in the film as a function of increasing acceleration
voltage (providing greater depth analysis). (d) AFM image of a 100 nm
thick tetracene thin film reacted for 8 h at 40 °C with maleic anhydride.
The RMS roughness of this area is 32 nm.
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(C1gH1y), here the simulated spectrum contains 2% oxygen
(Fig. S6, ESI}).** Moreover, elemental maps show an even
distribution of the product's oxygen across the surface (Fig. 6b).
Even below a 50 pm sampling dimension, the oxygen levels (and
coverage of product) remains uniform over the surface.

For the second measurement, it is important to confirm the
integrity of the underlying tetracene substrate and show that
products do not diffuse appreciably throughout the film. EDX
measurements were performed with successively higher elec-
tron energies (2, 3 and 5 keV), which extends the interaction
volume of the electron beam deeper into the film. For example,
at 5 keV a notable amount of the underlying gold surface can be
detected. In these measurements, the carbon content increases
significantly with deeper electron penetration and the oxygen
levels drop appreciably (Fig. 6¢ and S7, ESIt). As such, we
conclude pristine tetracene is the predominant species under-
neath the reacted surface.

Third, the evolution of surface morphology during the initial
stages of the reaction can provide a hint as to the mechanism of
aggregate formation. Here, the fine topographical features of
the 8 h sample were examined via AFM. The data shows that
surface texture has changed only slightly at the initial stage of
reaction. The reacted surface has a RMS roughness of 32 nm
(Fig. 6d) and is now slightly rougher than the original tetracene
surface which had an RMS roughness of 20 nm (Fig. 2d).
Overall, this change in roughness is to be expected as the “Y”-
shaped product has a substantial lattice mismatch with the
linear molecules of tetracene. But the results also seem to
suggest that little aggregation has occurred at this initial stage
of reaction.

With these results, we can begin to formulate mechanisms
for aggregate formation. Three possibilities are proposed. In the
first, morphology changes are driven exclusively by lattice
mismatches between the reactant and product and pressure is
relieved via the formation of new asperities.” A second expla-
nation is that these changes occur via highly mobile surface
species which self aggregate.® In fact, surface diffusion of
materials requires little thermal activation and can readily
occur at cryogenic temperatures.*® Since the molecular geom-
etry of the reactant and product are quite orthogonal and their
functionalities ill-suited for co-crystallization, self-aggregation
is quite favorable. The final possibility is that aggregation is
not solely a thermal event, but rather, induced by a small
amount of condensate of the maleic anhydride. This mecha-
nism is supported by reports of vapor acceleration in solid
phase reactions.****

The latter mechanism was differentiated from the former
two by using a deposited film of product, rather than forming
the adduct, in situ, via reaction. Here, a 7 nm thick film of the
standard N-methylmaleimide-tetracene adduct was directly
deposited on the surface of 100 nm of tetracene. For the first
step of this experiment, the surface was heated at 40 °C for 24 h.
As apparent by comparing the original film (Fig. 7a) to the
annealed film (Fig. 7b), no aggregates are seen. Spectroscopi-
cally, the results are similar. No appreciable reorientation is
seen in either the product or the underlying film. In fact, the
only notable change is the 29% decrease in intensity in the

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Vapor reconstruction process. (a) SEM image of 100 nm tet-
racene thin film coated with 7 nm of the standard N-methyl-
maleimide-tetracene adduct which has been thermally deposited
onto the surface. (b) SEM image of the thin film after annealing under
N, at 40 °C for 24 h. (c) PM-IRRAS spectra of 100 nm tetracene thin
film coated with 7 nm of the standard N-methylmaleimide-tetracene
adduct. Black: after preparation; red: after annealing under N, at 40 °C
for 24 h; blue: after heating with N-methylsuccinimide vapor at 40 °C
for 24 h. (d) SEM image of the sample after heating with N-methyl-
succinimide vapors at 40 °C for 24 h. All SEM images were taken at an
electron energy of 5 keV.

stretch at 1700 cm™ ' which corresponds to the loss of product.

Rather than induce aggregation, extensive heating of the film
likely sublimes away a portion of product. For the second step of
the experiment, this same film was then exposed to the residual
vapors of N-methylsuccinimide, the unreactive analog of N-
methylmaleimide (again at 40 °C for 24 h). The results were
striking. Here, the amount of product on the surface was
unchanged, despite heating, and more importantly, the product
had aggregated into the asperities commonly seen during
reaction (Fig. 7d).

Clearly, the mechanism must be mediated by a small
amount of condensate on the surface, which facilitates this
morphology change. Because the maleimides, anhydrides, and
succinimides are solids at room temperature, the intermolec-
ular forces are substantial (65-75 kJ mol ).* These materials
can form multilayers of condensate (BET isotherm).*” This
could provide a small amount of “solvation” of the product. The
presence of condensate can also explain why aggregate forma-
tion was limited in the initial 8 hours of the reaction. Here the
initial maleic anhydride adsorbing onto the surface primarily
undergoes reaction; it is not until the surface is passivated with
product that the anhydride could adsorb in quantities sufficient
to induce aggregation. Additionally, the mechanism may be
broadly applicable to solid-vapor reactions. It is known that
solid-phase reactions often experience substantial rate acceler-
ation when exposed to a small amount of vapors of a solvent.
This may prove to be the mechanism by which this occurs.****
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Conclusions

In summary, we have identified many of the morphology
features which arise as solid-phase reactions transition from
the initial surface reactions to bulk. For the reported Diels—
Alder reactions, the asperities formed on the surface were
identified as product via infrared and EDX analysis, with these
features forming once an initial surface passivation had
occurred. Aggregate topography varied greatly depending on
whether the studied films were tetracene or pentacene.
Formation of these features occurs via a mechanism whereby
a small amount of the adsorbate condenses on the surface
allowing the product to migrate to form larger aggregates.
Topography changes outside of these aggregates (measured via
AFM) are minimal. This work explains the initial morphological
changes which play a role in all solid-state reactions. From the
perspective of generating uniform monolayers on molecular
materials, the results suggest that minimizing condensed
material (or any solvating material) is critical for forming high
quality surfaces.
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