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Tunable interfaces on tetracene and pentacene
thin-films via monolayers+
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To eliminate many of the traditional weaknesses of thin-film organic semiconductor materials, chemistry
has been developed which reacts with the surface of these materials in a manner reminiscent of mono-

layers on traditional substrates. In the described approach, vapor phase small molecules react with the sur-
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face of tetracene and pentacene substrates to form an adlayer via classical Diels-Alder chemistry. The
bonding is confirmed via measurement of several coupled vibrations via polarization modulation infrared
reflection absorption spectroscopy, which importantly allows for differentiation from physisorbed materials.

These films are then used to tune the materials’ interaction with overlayers, as measured via a change in

www.rsc.org/crystengcomm

Introduction

The adoption of organic semiconductors within light emitting
diode devices continues unabated. Currently, these materials
dominate the small display market, where they can appear
within both the active lighting element and the thin-film tran-
sistor which drives the LEDs within each pixel." However, de-
spite the materials' successes, progress in controlling interfa-
cial properties has lagged.” The crux of the problems is the
inability to generate a thin covalent coating on the surface. If
the chemical identity of such a layer is tunable, the layer
could address many of the problems pressing scientists and
engineers including improving adhesion/stiction  of
overlayers,” reducing contact resistance,® and eliminating
interfacial trap states.” In fact, monolayers on inorganic sub-
strates have long been shown to eliminate these same
problems.”® The goal, thus, is to develop a viable means to
generate monolayer like coatings on the surface of organic
semiconductors (Fig. 1a). Specifically, we seek to generate
controllable surface coatings on pentacene, which is relevant
for thin-film transistors, and on tetracene, which is simpler
in terms of both chemistry and stability.

The challenge in developing chemistry for surfaces com-
prised of acenes is unique. In contrast to more traditional in-
organic surfaces, these organic semiconductors are made of
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the contact angle the surface generates with water.

building blocks that are held together by weak
interactions.’®® Thin-films of pentacene and tetracene are
thus susceptible to solvent, high temperatures, and even ex-
tended periods under ultrahigh vacuum.'®'” Less obvious is
the fact the orientation of the molecules within the surface
and their tight packing can prevent the necessary transition
states for a successful surface reaction.’ Perhaps in light of
these challenges, only a limited number of successful demon-
strations exist.

The first reported reaction of these materials was via the ex-
posure of rubrene and tetracene single crystals to alkyl
triethoxy- or trichlorosilane vapors which polymerize off of oxy-
genated defects on the surface."®'® While the chemistry may
prove to be effective (indeed, it is the standard means to
functionalize glass slides),”® we thought it appropriate to de-
velop a chemistry more germane to the chemical structure of
the organic semiconductor surface. In doing so, one can de-
sign a system that reacts one adsorbate per surface site with
chemistry that terminates at single layer thickness. If properly
chosen, it would be able to install a variety of functional
groups for interacting with overlayers,®" tuning interfacial di-
poles,® or other relevant effects. With an eye on these bench-
marks, we turned to a classical chemistry that seems ideal for
the conjugated © systems common to organic semiconductors:
the Diels-Alder reaction. Here, a [4+2] cycloaddition occurs be-
tween an electron rich diene (common to the acene family)
and a double bond within the adsorbate (Fig. 1b, bold).*?

Our initial demonstrations were of vapor phase small mol-
ecules that reacted on an idealized test surface: tetracene sin-
gle crystal substrates.” Surface functionalization was facile,
maintained the bulk substrate integrity, and worked for a
range of adsorbates. This work aims to demonstrate that the

This journal is © The Royal Society of Chemistry 2016
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(@) Schematic of the vapor based reaction of small molecules onto a sublimed tetracene or pentacene substrate. (b) Top: General

mechanism for the Diels-Alder reaction ([4+2] cycloaddition). Bottom: Representative examples of the adsorbates that have been shown to
successfully react with a tetracene single crystals in ref. 9. Bolded bonds indicate those involved in the reaction. EWG = electron withdrawing group.

Diels-Alder reaction is equally applicable to the relatively dis-
ordered microstructure of thin-films, and to adapt the work
for pentacene. In particular, we use polarization modulation
infrared reflection absorption spectroscopy (PM-IRRAS) to
demonstrate the species is both covalently attached and that
the associated vibrations match the spectra of a Diels-Alder
adduct. As a first step towards adding new functionality to
these materials, we also demonstrate the adlayer's ability to
effect surface energy, as measured by a change in contact an-
gle between a water droplet and the surface.

Experimental section
General experimental methods

Tetracene and pentacene (sublimed grade, 99.99% trace
metal basis), N-methylmaleimide, maleic anhydride, and
N-hydroxymaleimide, were purchased from Sigma-Aldrich and
used without additional purification. Metal evaporations were
performed in a Kurt J. Lesker NANO 38 thermal evaporator.
Infrared spectra of standard powder samples were taken
using a Thermo Nicolet Nexus 470 FT-IR with a Thermo Sci-
entific Smart Endurance ATR attachment. Surface infrared
spectra were taken on a Bruker Optics Tensor 37 FT-IR with a
liquid nitrogen cooled MCT detector with a polarization
modulation accessory (PMA 50) under nitrogen. PM-IRRAS
spectra were converted to absorbance as described else-
where.”* Organic semiconductors were deposited as thin-
films using a home built sublimation chamber with a source
to sample distance of 16-17.5 cm. Also attached is an Inficon
SQM-160 thin-film deposition monitor which reports the
growth of the film. Water contact angles were measured on a
home built system at room temperature using a Veho VMS-
004 Deluxe USB Microscope and Microcapture software.

General organic semiconductor sublimation procedure

Substrate preparation. A glass microscope slide was cut
and cleaned using a piranha solution (3:1 H,S0,/H,0,) for
30 min at room temperature then washed four times using
18 MQ water and dried using nitrogen. Uncoated glass micro-
scope slides were used for contact angle experiments while
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slides to be utilized for the spectroscopies were coated in
gold. Following cleaning, 5 nm of chromium were thermally
deposited followed by 100 nm of gold at a base pressure of <1
x 10”° Torr. Both metals were evaporated at a rate of 1 A s™.

Tetracene sublimation. Tetracene was placed onto a car-
tridge heater at the bottom of the sublimation chamber while
the fresh substrate was placed at the top of the chamber. Vac-
uum was applied until the chamber reached a pressure of 3 x
107® Torr. Upon reaching the base pressure, the heater was
turned on. Thickness was monitored via QCM and a typical
deposition rate was 1 A s*. After deposition, the substrate
was allowed to cool under high vacuum for 30 min.

Pentacene sublimation. Pentacene was deposited in a
manner identical to tetracene with the exception of a slightly
higher deposition rate (~2 A s™).

Contact angle

A thin layer of tetracene was prepared following the standard
sublimation procedure. The sample, reacted or unreacted,
was placed in front of the camera and approximately 10 uL of
18 MQ water was dropped onto the surface. Tangent lines
were manually drawn on the drop image and the contact an-
gle was measured using a protractor.

AFM measurement

The sample, reacted or unreacted, was measured using an
MFP 3D microscope (Asylum Research) in AC mode under am-
bient conditions. Diamond-like-carbon coated nano probes
with a resonance frequency of ~190 KHz and a spring con-
stant of ~48 N m™"' (TAP190DLC, Budget Sensors) were used.

Results and discussion
Background on reaction conditions

Several comments about the experimental setup and subse-
quent reaction are necessary. First, reactions were initially
conducted within the sublimation chamber, which has a sep-
arate isolatable dosing source. This setup allowed reactions
to be performed without breaking vacuum, something

CrystEngComm, 2016, 18, 6062-6068 | 6063
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presumed desirable as oxygen or other volatile adsorbates
might render the surface unreactive. Later experiments on
both tetracene and pentacene indicated that any hindrance
of the Diels-Alder reaction from brief air exposure (10 min)
was small. Second, the Diels-Alder on acene substrates is re-
markably temperature sensitive. This unusual behavior will
be detailed in a separate work. Third, the substrates of inter-
est become volatile at modest temperatures, with a loss of
material observed above 40 °C for tetracene in ultra-high vac-
uum.'® In order to ensure that the sublimed film was con-
stant, we used a temperature where acene vaporization is
negligible (40 °C for tetracene, 50 °C for pentacene). Surfaces
were reacted for 48 h for tetracene, and 24 h for pentacene.

The reaction itself was accomplished by placing the tetra-
cene or pentacene thin-film into a ~50 cm® chamber
containing approximately 5 mg of solid source material. Va-
por from the source (N-methylmaleimide, maleic anhydride,
and N-hydroxymaleimide) diffused to the thin-film and
reacted while the system was kept sealed under vacuum. After
the reaction, one end of the chamber was cooled with liquid
nitrogen for 1 min in order to condense any residual vapors.
The sample was then moved to high vacuum for 40 min (<1
x 10~* Torr) to remove any physisorbed species on the tetra-
cene/pentacene. The reacted thin-film was then removed
from vacuum and analyzed.

Analysis of functionalized tetracene surfaces

Polarization modulation infrared reflection absorption
spectroscopy (PM-IRRAS) is a technique exquisitely suited for
monitoring the reaction of tetracene and pentacene surfaces,
provided these species are on a sufficiently thick metal back-
ing (=100 nm). On metal substrates, s-polarized light de-
structively interferes near the surface rendering the field near
zero. PM-IRRAS dynamically removes the s-polarized signal
and amplifies signal through the use of a lock in amplifier.**
These effects, in concert, yield a measurement that is sensi-
tive enough to rapidly acquire the spectra of species that are
present at well below a monolayer coverage, and eliminates
the need for background measurements of the substrate. Just
as important, the penetration of the infrared light means in-
formation about the subsurface tetracene or pentacene can
be obtained at the same time as the reacted surface. From
the spectra, it is possibly to both determine the extent of re-
action and to comment on whether the reaction only occurs
at the surface or throughout the thin-film. Infrared spectro-
scopy is also well suited to provide direct evidence of bond
formation between the adsorbate and surface.

Our initial analysis began with the many Diels-Alder ad-
ducts generated in the lab via solution phase synthesis, all of
which have been fully characterized via "H NMR.”>® These
materials act as standards for our surface work. IR spectra of
the powder adducts were collected via attenuated total reflec-
tance (ATR) and the spectra were compared to the two
starting materials to identify new stretches indicative of the
newly formed adduct. Of the compounds listed in ref. 9 and
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25, the adduct formed between N-methylmaleimide and tetra-
cene has the most distinct vibrations (=15 cm™ difference
from either starting material). It contains 6 prominent and
distinct peaks that are located at 792, 803, 845, 1143, 1478
and 1499 cm™; all of these are in spectral regions devoid of
any peaks (major or minor) in either starting materials.
These six peaks are still apparent in a 10:1 mixture of tetra-
cene to standard adduct and thus were deemed likely to be
visible when the adduct is but a ~0.5 nm coating on a ~40
nm tetracene thin-film. The spectra of the tetracene,
N-methylmaleimide, and standard powder adduct, as well as
the 10:1 mixture can be found in the ESI} (Fig. S1-S4).

Once measured, ATR data for the standard compounds
were compared to the layer formed by the reaction of
N-methylmaleimide and a tetracene thin-film. It was found
that of the six characteristic stretches observed in the stan-
dard powder samples, all are present. Representative regions
of the infrared spectra can be seen in Fig. 2, along with the
data for the standard powder adduct. Additional regions can
be found in the ESIf (1350-1200 cm™ and 1225-1075 ¢cm ™",
Fig. S5 and S6).

As can be seen, the fidelity between the standard powder
adduct and the surface reaction is excellent in the region span-
ning 1400 to 1550 cm ™", and the only feature not matching be-
tween the standard powder (solid line top) and the surface ad-
duct (solid line, bottom) is a feature at 1539 cm " which is
from the bulk tetracene (dotted line, bottom). From compar-
ing the surface species and the standard N-methylmaleimide
spectrum (dashed line, top), it is apparent that physisorption
is not an appropriate explanation for the observed stretches.
The same correlation between the standard sample and the
“monolayer” can also be seen in the region from 775 to 925
cm™, though analysis here is complicated by strong vibrations
from the tetracene substrate at 904 cm " which obscures many
of the useful features. What can be gleaned is that the features
at 792, 802 and 840 cm™" offer further proof for the successful
formation of an adsorbed layer.

Considering the extent to with the standard adduct and
the reacted thin-film match spectroscopically, the major spe-
cies is clearly covalently bonded to the surface. However, the
system should also be examined to comment on the absence
of physisorbed material. From our experiments, we believe
that little to no physisorbed material is present. This state-
ment is justified in four ways. First, if present, the species
should be apparent spectroscopically via bands at 1053, 1252
and 1587 ecm™". The latter two are completely absent, while
the former is a minor feature. Second, N-methylmaleimide is
rather volatile, with a vapor pressure of 50 mTorr at 7 °C.>°
As such it is removed from the surface easily. Fig. S7 (ESIT)
shows a tetracene thin-film on a salt plate, where
N-methylmaleimide was sublimed onto the thin-film, while
the substrate temperature was kept below 0 °C. When this
same sample is exposed to a gentle stream of nitrogen for 5
minutes, the N-methylmaleimide peak disappears leaving only
the signal for tetracene. Third, application of high vacuum
conditions do not change the spectra significantly in regions

This journal is © The Royal Society of Chemistry 2016
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Fig. 2

(a—c) Infrared spectra of selected regions of N-methylmaleimide (dashed line), tetracene (dotted line), and the Diels-Alder adduct formed

during reaction of these two (solid line). Spectra labeled with transmittance are from pure powder samples generated via standard techniques®?°
(or commercially available) and were acquired via ATR-IR. Spectra labeled with absorbance are from thin-films deposited on gold substrates and
were acquired via PM-IRRAS. Grey bands indicate strong adsorption bands present in the adduct but absent in the starting materials which can be

used to identify the Diels-Alder adduct.

associated with N-methylmaleimide. Neither the small feature
at 1053 cm™" nor any other peaks change noticeably in inten-
sity, something that is extremely unlikely if the material were
not covalently bonded to the surface. Fourth, the surface tex-
ture changes when exposed to the adsorbates, as measured
by AFM (Fig. S8, ESIt). These surface changes have often
been used by solid phase chemists as an indication of reac-
tion.”” Based on these four arguments, we presume that no
significant amount of physisorbed material is present,
though we continued to treat each sample with high vacuum
as a precautionary measure.

Analysis of functionalized pentacene surfaces

Similar experiments can be performed on thin-films of penta-
cene. For this system, the vibrational spectra of the penta-
cene layer, standard powder adduct, and N-methylmaleimide
contain substantially more overlap reducing the number of
vibrations that can be used diagnostically. In fact, only two
frequencies (corresponding to 1775 em ' and 1126 cm ') are
in regions free from interference from the starting materials.
Both are observed in reacted surface (Fig. 3a and S9, ESIY),
and again, the fidelity is excellent. While the two regions are
the most useful, others (containing overlapping signals) can
be analyzed if care is taken in preparing a reference penta-
cene thin-film (ideally the same substrate before reaction, or
another from the same sublimation). For example, in Fig. 3b,
the adduct peaks can be clearly observed as added intensity
at 1299 and 1280 cm™', despite the presence of significant
pentacene vibrations at those frequencies. This approach will
become necessary if other adsorbates are to be analyzed.
Comparison of the reacted surfaces to other unreacted
samples from the same lot also allows us to comment on the
state of the subsurface material. For thin-films of pentacene
generated during the same sublimation run, the measured

This journal is © The Royal Society of Chemistry 2016

intensity of the vibrations typically varies by less than 10%.
Thus, PM-IRRAS can determine whether the subsurface
pentacene remains unperturbed, or whether it has been lost
to sublimation or consumed by the reaction. The reacted
sample shown in Fig. 3 was reanalyzed, with a particular fo-
cus on the prominent signals at 907 and 731 ecm ™" which cor-
respond to out-of-plane vibrations of pentacene.”® These
peaks are appropriate for subsurface analysis as the adduct
has no significant vibration at 731, and only a weak vibration
at 904 em '.*® As can be seen in Fig. 4, all the vibrations
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Fig. 3 (a, b) Infrared spectra of selected regions of N-methylmaleimide
(dashed line), pentacene (dotted line), and the Diels-Alder adduct
formed during reaction of these two (solid line). Spectra labeled with
transmittance are from pure powder samples generated via standard
techniques®?® (or commercially available) and were acquired on an ATR.
Spectra labeled with absorbance are from substrates generated on gold
surfaces and were acquired via PM-IRRAS. Fidelity between the powder
adduct (top) and PM-IRRAS spectra (bottom) demonstrate a Diels-Alder
adduct has been formed.
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Fig. 4 Infrared spectra of substantial features associated with the
pentacene thin-film both before (dotted line) and after reaction with
N-methylmaleimide (solid line). Outside of the formation of the surface
adduct, the remainder of the thin-film is unperturbed and the absence
of a feature at 1160 cm™ (red arrow) indicates that the film has not
changed orientation. Data has not been baseline corrected or converted
to absorbance. The offset and slight curve is due to the Bessel function
that is part of normal data acquisition with a PEM controller.?®

corresponding to the pentacene thin-film remain, and are
only minimally diminished. In fact the most notable change
corresponds to an increase in intensity at 760 cm™' which is
the formation of adduct at the surface. It is also important to
note that none of the features associated with a change in
the microstructure can be seen. Reorientation of the penta-
cene film would be expected to display strong stretches at
1145 and 1162 cm '.*® The latter region is easily analyzed
and, as can be seen in Fig. 4, no signal is present. The rela-
tive lack of change in the features of the pentacene thin-film
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seem to suggest that the electronic properties of pentacene
should remain unchanged; this is of great importance when
these materials are used in devices.

Contact angle

Adlayers are remarkably effective at tuning a materials' inter-
action with overlayers. When the interaction is highly opti-
mized (e.g. oxygenated terminal groups for adhesion to Ni,
Cu, or Cr overlayers) the increase in adhesion strength can
be several orders of magnitudes.”’ To demonstrate the ability
of a thin organic monolayer to affect similar change, tetra-
cene was analyzed via contact angle measurements showing
the wettability of the surface. Though contact angle is a re-
markably simple technique, it can also provide a wealth of in-
formation about the energy of interaction between the layer
and its surrounding media, and is often used as a simple sur-
rogate for surface energy (ys) and adhesion/stiction.®>*°

Before these tests were attempted, an acceptable initial
value for tetracene's contact angle was required (no prior re-
ports exist). Measurements of progressively thicker surfaces
find that, initially, tetracene thin-films have a low contact an-
gle (likely because of the discontinuous nature of the initial
layers), and that by 100 nm, the surface reaches a consistent
value above which further deposition does not affect the con-
tact angle (Fig. S10, ESIT). The average contact angle for a
100 nm thick tetracene film was 74°.

In order to affect a useful change, the goal was to lower the
contact angle via a monolayer, and in turn raise the surface en-
ergy and adhesion of the surface. The first attempts via simple
adsorbates (maleic anhydride, N-hydroxymaleimide, Fig. 5a-c)

b)

80° 792

)

: \T/\/\‘_\'/
1750 1650 1550
Wavenumber (cm!)

1450

Fig. 5 Representative images of the contact angle formed between water and sublimed films of tetracene (100 nm). (a) An unreacted tetracene
film. (b) A film that had been reacted with maleic anhydride vapors. (c) A film that had been reacted with N-hydroxymaleimide vapors. (d) A maleic
anhydride reacted film that had been exposed to water vapors for 48 h. The associated change in the carbonyl stretch indicates consumption of

the anhydride moiety. The new broad peak at ~1575 cm™ also suggest the potential presence of anionic charge in the adduc
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had a modest effect that were in line with literature precedence
on classical surfaces,” and demonstrate the potential effects of
the monolayers. For maleic anhydride, the average contact an-
gle across multiple maleic anhydride treated substrates was 63°.
For N-hydroxymaleimide it was 60°. These samples were also
useful in discerning the variance and reproducibility of the con-
tact angle. In the case of the maleic anhydride treated sub-
strates the standard deviation was 13°. Contact angle values for
individual substrates showed little deviation across the sample
(the mean deviation was 3°), suggesting consistent coverage at
the macroscopic scale.

Creation of a high energy surface requires functional
groups such as carboxylic acids. However, dienophiles of this
structure would have much lower volatility and slower reactiv-
ity.>> As such, a more practical approach was to take the
maleic anhydride layer and convert it to the diacid. Such an
approach is also advantageous as a single anhydride is
converted to two carboxylic acids, effectively doubling the
density of high energy groups. Conversion was reasonably
facile, and was accomplished by exposing the sample to water
vapor at 70 °C for 48 h (under a nitrogen atmosphere).

The results were remarkable: the contact angle of the
tetracene substrate was reduced to 16° (Fig. 5d). Control ex-
periments show that though humidity itself does not appre-
ciably change the tetracene sample (Fig. S111). Furthermore,
when the sample shown in Fig. 5d is dried in a desiccator,
no change in the contact angle occurs, again demonstrating
the ring opening is the dominant cause of this change.
Though it is difficult to make a sweeping generalization
about how this change in contact angle would impact adhe-
sive forces (as these are highly dependent on the adhering
material and the nature of the induced interaction), such a
change should generically increase the adhesion force by a
factor of two.** These terminal groups are also ideal for mini-
mizing the penetration of metal overlayers into the bulk
semiconductor.>® Additionally, there is no reason to believe
that this approach is incompatible with other organic semi-
conductors such as phenacenes, triphenodioxazines, or other
polyaromatics.>*® As such this approach portends well to
utilization in complex electronic devices.

Conclusion

In summary, we have demonstrated the ability to alter the
surface layer of thin-film organic semiconductors via small
molecular adsorbates. Infrared results serve to confirm the
formation of a covalently bonded Diels-Alder adduct at the
surface and that the bulk of the thin-film acene (non-surface)
remains unaltered. This surface coverage will allow scientists
to begin engineering the properties of these materials which
we have demonstrated by changing the wettability of
the surface. The versatility of the approach and its relative
simplicity suggest that this chemistry can proliferate much
in the same way monolayers revolutionized classical surfaces
two decades ago.

This journal is © The Royal Society of Chemistry 2016
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