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ABSTRACT: The rapid and reliable detection of lethal agents
such as sarin is of increasing importance. Here, density-functional
theory (DFT) is used to compare the interaction of sarin with
single-metal-centered phthalocyanine (MPc) and MPc layer
structures to a benign model system, ie., the adsorption of
dimethyl methylphosphonate (DMMP). The calculations show
that sarin and DMMP behave nearly identical to the various MPcs
studied. Among NiPc, CuPc, CoPc¢, and zinc phthalocyanine
(ZnPc), we find the interaction of both sarin and DMMP to be the
strongest with ZnPc, both in terms of interaction energy and
adsorption-induced work function changes. ZnPc is thus proposed
as a promising sensor for sarin detection. Using X-ray photo-
electron spectroscopy, the theoretically predicted charge transfer
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from DMMP to ZnPc is confirmed and identified as a key component in the sensing mechanism.

1. INTRODUCTION

Gas sensors have been attracting increasing interest due to their
wide range of applications spanning across environmental
protection, detection of combustion gases, medical diagnosis,
and military and civil safety.'”* The relevance of these
applications has led to intense research in the area of detection
techniques and sensing materials. One prominent example in
this respect is sarin gas (Figure 1a), a nerve agent that causes
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Figure 1. Schematic representation of (a) sarin, (b) dimethyl
methylphosphonate (DMMP), and (c) zinc phthalocyanine (ZnPc).
On sarin and DMMP, we label the nonequivalent carbon/oxygen atoms
as C1/01 and C2/02. On ZnPc, the dashed line is a guide to the eye
marking a long molecular axis (LA).
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death by suffocation within 10 min of exposure to concen-
trations above 60 ppb.’ Detection of sarin gas has been the
subject of numerous investigations in the past decade.’”!
Obviously, sensing devices are required to detect extremely low
sarin concentrations and, more importantly, to be able to
respond very rapidly. At the same time, the costs associated with
sensor production and maintenance are important factors that
need to be taken into consideration when proposing new
sensors. The thorough, atom-scale understanding of the sensing
mechanism is expected to be extremely helpful to tune
respective devices and eventually to realize competitive sensor
components for industrial production. The gas adsorption and
its impact on the sensing material are of crucial importance for
the sensor design.u_16

For experimental work, the availability of a benign model
system replacing sarin is of crucial importance. Dimethyl
methylphosphonate (DMMP) (Figure 1b) is one possible
candidate with much lower toxicity in this context.'”'® It
features the same characteristic P=0 (O1) group and may thus
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be used to simulate sarin. In the current work, we aim to achieve
a thorough understanding of the interaction between sarin and
DMMP with zinc phthalocyanine (ZnPc)-based sensing layers.
With this, we provide a reference and an effective method for
detecting the real nerve agent sarin.

Phthalocyanines (Pc) are structurally related to the well-
known porphyrin and corroles in the sense that these molecular
species possess tetrapyrrolic macrocycles. Both metal-free
(H,Pc) and metal-centered phthalocyanines (MPc) (Figure
Ic) are organic semiconductors widely applied in organic
electronics,””~ 19202324 5nd gas sensors.” "%
The latter application is based on the strong dependence of the
electrical conductivity of Pc films on the chemical species
present in the atmosphere.’® It profits from the ease of Pc
deposition, their ability to form high-quality films, their
remarkable thermal and chemical stabilities, and the possibility
to functionalize Pc by changing the central atom or adding
substitutes to the phthalocyanine rings.””*'~>*

The interaction of MPc with different oxidizing gases, e.g., O,,
NO,, and O3, has been found to lead to a p-type conductivity
attributed to a redox reaction (see, e.g, refs 35 and 36). In
contrast, the MPc interaction with reducing gases has been
reported to decrease the conductivity due to hole trapping by
chemisorbed agent-donated electrons.”” Bohrer et al.* related
the adsorption enthalpies with different MPcs (CoPc, CuPc,
ZnPc, and NiPc) to the sensitivity expressed by the changes in
the film conductivity and found an exponential relation between
the sensitivity and the binding enthalpy of various reducing
agents. The low sensor response to weak electron donors was
attributed to the low availability of the strongest adsorption sites,
i.e, metal centers, due to the oxygen adsorption from the
ambience. However, there are other conceivable factors that
might be responsible such as the orientation of the Pc molecules
within the sensing layer: there are, for example, more adsorption
sites available for well-ordered flat-laying ZnPc structures
compared to vertical orientations. The realization of specific
film morphologies, however, requires control of various
experimental conditions such as the substrate, deposition
technique, deposition temperature, and pressure.’”~*’

The sensitivity of phthalocyanines and porphyrins (i.e., H,Pc,
CuPc, NiP¢, PbPc, ZnPc, TiPc, MnTPP, InTPP) to, e.g.
DMMP has been explored in refs 38 and 44—48. Despite this
potential possibility of using phthalocyanines or porphyrins in,
e.g.,, DMMP sensing, only a few studies regarding this topic have
been recently published.”****>*° There is also a number of
theoretical studies on molecular adsorption on phthalocyanines
and porphyrins.*”*'™>® In this work, we combine density-
functional theory (DFT) calculations with X-ray photoelectron
spectroscopy (XPS) to provide profound knowledge about the
sensing mechanism of sarin and DMMP by ZnPc films. Thereby,
the present paper is organized as follows: after introducing the
theoretical and experimental methods, we confirm almost
identical geometric and electronic properties, and by these
similar sensing mechanisms of sarin and DMMP by MPcs (M =
Co, Ni, Cu, Zn), and rationalize the choice of ZnPc as a sensing
layer by comparing various phthalocyanines. Then, the
DMMP~—MPc adsorption geometries and the related charge
transfer are analyzed to provide detailed insight into the sensing
mechanism. Finally, the predicted effects induced by detecting
DMMP by ZnPc are validated by comparing predicted and
measured XPS 1s (N, C) and 2p (Zn) binding energies.
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This work provides profound knowledge about the sensing
mechanism in the investigated systems (sarin and DMMP),
enabling benchmark data for similar systems in the future.

2. MATERIALS AND METHODS

2.1. DFT Study for the Molecular Substrates.
2.1.1. Plane-Wave (PW) Pseudopotential Approach. The
PW DFT calculations were performed with the Quantum
ESPRESSO package.”* The Perdew—Burke—Ernzerhof (PBE)
functional® and the PBE + U extension (with self-consistently
determined U = 4.007 eV)*° complemented with dispersion
correction (DFT-D)*’ were used to model the electron
exchange and correlation. Norm-conserving pseudopotentials
were used to describe the electron—ion interaction. Plane waves
up to a cutoff energy of 90 Ry were used as basis functions. The
atomic structure relaxation for single MPc was done in
periodically repeated 30 A X 30 A X 24 A supercells. Molecular
monolayers (MLs) were described within lateral periodicities
between 6 A X 6 A and 15 A X 15 A. Convergence criteria of
10™*eV/A for forces and 1078 eV for the total energy were used.
The adsorption energies were calculated as

(1)

where Epp. puvmp/sain 1S the total energy of the adsystem
(DMMP/sarin adsorbed on MPc); Eyp. and Epypp are the total
energies of the MPc and DMMP molecule in the gas phase,
respectively. The XPS spectra were calculated using a ASCF
approach, which, for light elements such as nitrogen, has been
shown to give highly accurate core-level shifts (CLS).**"®' To
model the 1s (2p) core holes of the C and N (Zn) species,
multiprojector (gauge including (GI-))projector augmented
wave (PAW) pseudopotentials®® with a corresponding
occupation of the inner shells were generated. The resulting
core-level shifts (CLS) were superimposed and convoluted by
assuming a linewidth of 0.7 eV.

2.1.2. All-Electron (AE) Calculations. In the all-electron (AE)
calculations, we utilized the hybrid Becke3—Lee—Yang—Parr
(B3LYP) exchange—correlation (XC) functional®®~® with the
def2-TZVP (split-valence triple-() basis sets.”° The ORCA
Package®” has been used to calculate the optimized structures
and the adsorption energies of DMMP and sarin on MPc
structures. The calculations account for the dispersion
corrections through the Grimme approach using atom pairwise
additive schemes (the so-called DFT-D3 method).®®

2.2, Sample Preparation. 2.2.1. ZnPc Deposition. ZnPc
(10 nm) was deposited by the thermal evaporation method onto
glass substrates with interdigitated gold electrodes (Metrohm
DropSens) and a molybdenum oxide (MoO,) thin layer.
Substrates were precleaned with isopropanol and purged with
pure N and then kept in an ultraviolet (UV) cleaner for S min. A
10-nm-thick film of ZnPc was deposited from the sublimed
powder (97% dye content; Sigma-Aldrich GmbH) on the
substrate at room temperature in high vacuum conditions (base
pressure: 1076 mbar) using the Lesker Spectros II Evaporation
System with quartz crystal microbalance (QCM) thickness
control. The deposition rate was kept at a level of 0.5 A/s.

2.2.2. DMMP Exposure. The sample was placed in an
environmental cell (320 mL) possessing a gas inlet and outlet
and electrical feedthrough. DMMP vapor was prepared from an
Owlstone vapor generator (OVG-4), with a certified permeation
tube calibrated at 70 °C. Nitrogen 5.0 (Air Liquide) was applied
as a carrier gas. The cell was saturated with a nitrogen/DMMP

E.4s = Evpe—DMMP /sarin — (EMPC + EDMMP/sarin)

https://dx.doi.org/10.1021/acs.jpcc.9b11116
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Figure 2. Side views of different calculated stable structures of DMMP (sarin) on ZnPc, denoted as categories depending on the type of the formed
bond between the adsorbed gas molecule and ZnPc. In category A, a covalent bond is formed between the O1 atom and the Zn atom from ZnPc. In
category B, the gas molecule anchors by its O2 atom to the Zn atom. In category C, the adsorption is caused by the vdW interaction exclusively. In
category D, of relevance only for sarin, the sarin molecule anchors by its fluorine atom to the Zn atom in ZnPc. Heavier and lighter shades are used to

distinguish the atoms of the gas molecules from those of ZnPc, respectively.

mixture. During DMMP deposition, the chamber outlet was
closed. The permeation oven was heated to 100 °C. The
nitrogen/DMMP mixture flow rate was set to S0 mL/min. The

concentration of DMMP in the mixture for the given flow can be

22.4q . .
- where C is the concentration (ppm),

calculated via C =

qp is the permeation rate (ng/min), Q is the flow rate (50 mL/
min), and M is the DMMP molecular weight (124.08 g/mol).
The latter depends strongly on the temperature. According to
the manufacturer, based on the value at a calibration
temperature T, = 70 °C (gq, = 152 ng/min), the permeation
rate q4(T) at a given temperature T is given by the empirical
relation

r_1
T T

For a temperature of 100 °C (oven), we calculate a permeation
rate of 747.4 ng/min and, from this, the DMMP concentration
in the carrier gas is 6 ppm.

After 2 h, the nitrogen/DMMP flow was stopped and the
sample was kept for 3 days in the cell with the closed outlet. To
provide a stable temperature during DMMP deposition, the

log[qd(T)/qdl] = 2950[
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samples were placed on a ceramic heater controlled by a DC
power supply. The temperature on the sample’s surface was
measured by a Pt100 temperature controller connected to an
Agilent 34970A Multimeter.

2.3. Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) was performed using a PREVAC EA1S
hemispherical electron energy analyzer with a two-dimensional
(2D) multichannel plate detector. The system base pressure was
9 X 107" mbar. The samples were irradiated with an energy of
1486.60 eV provided by an Al Ka X-ray source (PREVAC dual-
anode XR-40B source). A pass energy of 200 eV energy was set
for survey spectra (scanning step: 0.9 eV), while a pass energy of
100 eV was set (scanning step: 0.05 eV) for particular energy
regions. Curved analyzer transfer slits were utilized for
enhancing energy resolution. All of the spectra were taken
with a normal (i.e., 90° between the sample plane and the
analyzer axis) takeoff angle. The energy scale of the analyzer was
calibrated to Au 4f,, (84.0 eV), while the particular spectra were
calibrated to C—C binding energy at 284.6 ¢V.*””° For data
analysis, spectra were fitted utilizing CasaXPS-embedded
algorithms and relative sensitivity factors. For background
subtraction, the Shirley function was used. If not explicitly

https://dx.doi.org/10.1021/acs.jpcc.9b11116
J. Phys. Chem. C 2020, 124, 6090—6102
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Figure 3. (a/c) Side and (b/d) top views of the most stable adsorption configuration of DMMP/sarin on, e.g., ZnPc (S type). For the definition of the

geometry parameters (r, d, @, and 0), see text.

Table 1. Calculated Adsorption Energies of DMMP and Sarin on Different MPcs (E,,,) Depicted in Figure 4°

dispersion energy (eV) (contribution to

E 4 (eV) EBagy %) d (A) r (&)
structure of the MPc DMMP sarin DMMP sarin DMMP sarin DMMP sarin
ZnPc —0.92 —-0.93 —0.45 (49%) —0.43 (46%) 0.3 035 2.14 2.18
CoPc ~0.80 ~0.83 —0.52 (65%) —0.49 (58%) 0.15 0.10 223 228
CuPc —0.51 —0.58 —0.45 (88%) —0.44 (77%) 0.09 0.06 2.46 2.57
NiPc 042 —0.52 —0.40 (95%) —0.46 (90%) 0.01 0.002 2.80 2.94

“The contribution of the vdW interactions to the adsorption energy is also given. The adsorption geometry parameters (d and r) have been defined

in Figure 3.

specified in the text, the components were represented by a
product of Gaussian (70%) and Lorentzian (30%) lines.

3. RESULTS AND DISCUSSION

3.1. Single-Molecule Adsorption. The calculations start
by confirming that DMMP is a reliable model for sarin detection
and by establishing the most suitable sensor layer material for
efficient detection. Thereby, we explore the adsorption of both
DMMP and sarin on a variety of single MPc (NiPc, CuPc, CoPc,
and ZnPc) molecules. To calculate the stable adsorption
structures, a large variety of possible starting configurations for
DMMP (sarin) with respect to the MPc has been probed where
the considered structures included different spatial, rotational,
and relative registries of the adsorbed gas molecules with respect
to the MPc. To simplify the discussion, we use ZnPc as a primary
example for MPc: it turns out to provide the strongest
interaction with DMMP and sarin.

The stable structures of DMMP (sarin) on ZnPc can be
categorized into three groups (four groups). In category A
(Figure 2a), a covalent bond is formed between the zinc atom
from ZnPc and the reactive O1 atom from DMMP (sarin). In
category B (Figure 2b), the O2 atom is attached to the Zn atom
in ZnPc. In category C (Figure 2c), adsorption of the gas
molecules is dominated by the van der Waals (vdW) forces, with
no indication of a covalent bond or charge transfer between
DMMP and ZnPc (see Figure 2c). Finally, in category D, which

6093

appears only in sarin, the fluorine atom from sarin is attached to
the Zn atom in ZnPc (Figure 2d). The calculations show that
categories B, C, and D in DMMP (and sarin) are clearly less
stable than category A by about +0.2 (+0.26), +0.56 (+0.53),
and (+0.28) eV, respectively. These categories are therefore of
minor relevance compared to category A at room temperature or
above. However, a word of caution is in order here. The
appearance of a structure from category A strongly depends on
the orientation of the ZnPc substrate molecule: monolayers of
vertically stacked MPc do not provide adsorption sites for such
covalent bonds. We will discuss this point in more detail in
Section 3.2.

In the following, we compare the most stable structures of
DMMP with those of sarin, both adsorbed on ZnPc (category
A). To describe the adsorption geometries, we denote the O1—
Zn distance as r, the upward movement of the central Zn atom as
d, the angle Zn—O1—P as @, and the angle between C1—P from
DMMP (sarin) and the long axis (LA) of ZnPc as 6, where it
describes the azimuthal orientation of the adsorbed gas molecule
with respect to ZnPc (see Figure 3). Because of the structural
flexibility of the gas molecules, there is no unique stable
configuration in category A but a set of one most stable and a few
less stable structures, which differ exclusively in the values of &
and 0, and can be found in the Supporting Information (SI)
(shown exemplarily in S1 for DMMP). In the most stable
structure (S type), a DMMP adsorbs on ZnPc by forming a

https://dx.doi.org/10.1021/acs.jpcc.9b11116
J. Phys. Chem. C 2020, 124, 6090—6102


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11116/suppl_file/jp9b11116_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11116/suppl_file/jp9b11116_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11116?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11116?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11116?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11116?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11116?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(a) DMMP-ZnPc

ef d

_m___

P Nna

(b) DMMP-CoPc

--------- R g L RNER R T

(c) DMMP-CuPc (d) DMMP-NiPc
4 P |

’
K

B T ST NG lliill'b'-_'i&

Figure 4. Schematic representation of the most stable geometries of exemplary DMMP on (a) ZnPc, compared with those on (b) CoPc, (c) CuPc, and
(d) NiPc (only the central parts of MPcs are shown). The black dashed line indicates the plane of an MPc. The upward shifts of the central atoms upon

adsorption (d; the scale is enlarged by a factor of 3, i.e., d* =
features are indicated by dashed red and blue lines, respectively.

3 X d) and the distances O1—M (r) are given in Table 1. The latter adsorption geometry

(@)

Figure 5. (a) Schematic representation of a monolayer of ZnPc with dimensions a and y (shown here for a = 14 A and y = 85°). (b) Calculated total
energy/area (E/S) curves for the three types of ZnPc monolayers. The energy of the most stable structure of each monolayer type is considered as an
energy reference (0 eV); for the relative total energies, see Table 2. A perspective view of the geometries corresponding to each energy-minimum

structure is shown in the side panel.

covalent Zn—O1 bond. The adsorption geometry parameters
arer=2.14A,d=0.35A, @ =140° and § = 12°. The geometric
parameters for sarin are almost similar to those for DMMP
(within 0.1 A): r=2.18 A, d=0.35A, @ = 141°, and 0 = 30° (see
Figure 3c,d for comparison). Note that changing the value of &
to that of DMMP increases the energy by as little as 2 meV.

Notably, the adsorption of sarin on other MPcs shows the
same tendency as DMMP. For both gas molecules, the covalent
interaction is dominating in case of the adsorption on ZnPc, in
contrast to other MPcs investigated here: covalent interactions
account for 35% (42%) of the adsorption energy of DMMP
(sarin) on CoPc, while the adsorptions on CuPc and NiPc are
essentially determined by van der Waals interactions (see Table
1). This is also reflected in the binding energies and the values of
the adsorption parameters: r and d for each species (see Figure 4
and Table 1). The almost identical behaviors of DMMP and
sarin suggest the latter as a suitable model system with respect to
the interaction with MPc, in particular, in the case of ZnPc, with
almost identical binding energies for DMMP and sarin.

6094

It is important to note that the order of the adsorption
strength of both gas molecules on MPc (ZnPc > CoPc > CuPc >
NiPc) does not depend on the employed XC functional. Very
similar results are obtained by the semilocal PBE functional, with
and without extension by a Hubbard U,*® which accounts for the
strongly correlated 3d electrons, and employing an all electron
(AE) approach using the B3LYP hybrid functional®® (see also
Figure S2). Even the adsorption energies are only slightly
shifted; all XC functionals provide the same tendency in the
order of the adsorption strength, confirming, thus, the validity of
the results obtained employing the PBE functional. Therefore, if
not otherwise stated, the results achieved with the PBE
functional will be discussed. In comparison to hybrid func-
tionals, this reduces the numerical costs by more than one order,
allowing for a systematic comparison of many different
structures containing a large number of atoms.

It is obvious that the order in the adsorption strength for
DMMP/sarin is different from the calculated order in ref 38,
where CoPc provides the most sensitive reaction, but reflects the
results of a previous DFT study for another reducing gas,

https://dx.doi.org/10.1021/acs.jpcc.9b11116
J. Phys. Chem. C 2020, 124, 6090—6102
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namely, NH;,.>> An explanation for this order has been reported
inref 71: according to Liao et al, it is related to the occupation of
the d-orbitals, in particular, the partially occupied a;,(d,?)
orbital. Nevertheless, the higher sensitivity of CoPc in the
experiment38 demonstrates that, so far, unknown details of the
specific sample, e.g., the arrangement of the MPc molecules in
the substrate, are important parameters too.

Irrespective of the employed functional, sarin has larger
adsorption energies compared to DMMP for all considered
MPcs. Given the small energy difference in the case of ZnPc,
however, this does not directly imply that MPcs are more
sensitive to sarin compared to DMMP. As will be shown below,
other factors, e.g, charge transfer and, in particular, the
formation of dipole layers are highly relevant for the sensing
mechanism, too. Previous works have tried to explain the
differences between DMMP and sarin detected by different
sensing materials such as TiO,”* or AL,O,,”* but they were not
able to identify exactly the factors responsible for this behavior.
In the case of the present study, we assume that the obtained
differences should be somehow related to the exclusive presence
of the F atom in sarin (not present in the DMMP) and its
complex interaction/charge redistribution upon covalent
bonding with the central metal in MPc. The exact explanation
of this point is beyond the scope of this work and requires
further, in particular, experimental investigations. Since we are
going to use DMMP to relate our theoretical results with
experiments, we restrict the discussions in the upcoming
sections to DMMP, while keeping in mind that the results can
be extended to sarin.

3.2. DMMP Adsorption on ZnPc Monolayers. To
evaluate the mechanism of DMMP adsorption on the ZnPc
surface and to conclude on the role of the arrangement of ZnPc
molecules in the sensing mechanism, we consider a monolayer
of phthalocyanine as a representative structure of the sensing
part of the MPc substrate.

The phthalocyanine monolayer used to model the substrate is
characterized by the lateral lattice constants a, b and the
enclosed angle () of the oblique unit cell (see Figure Sa). In the
present calculations, the angle y = 85° measured for ZnPc
monolayers on gold (y = 85°)7* is used, since gold—organic
interfaces are typical examples of weakly interacting interfaces.”
Given the phthalocyanine symmetric molecular structure, it is
furthermore assumed that a = b (Figure Sa). The monolayer
structures were relaxed in unit cells varying between a = 6.5 and
15 A, and the energy of each structure is calculated. The
resulting total energy curve for each of the three types of
monolayers yields a minimum energy structure; see Figure Sb
(Table 2):

1. planar-oriented flat molecules—monolayer type I with a
minimum at a = 14 A.

Table 2. Calculated Adsorption Energies (E,y,) for DMMP
Molecules Adsorbed on ZnPc in the Isolated Molecule
Approach and in Various Monolayer Configurations”

DMMP adsorbed on Eq (eV) d(A) r(A) a (deg)
isolated ZnPc molecule —-0.92 0.35 2.14 140
ZnPc monolayer type I —0.94 0.35 2.14 140
ZnPc monolayer type 11 —0.93 0.33 2.15 139

ZnPc monolayer type III —0.38

“The adsorption geometry parameters d, r, and a have been defined
in Figure 3.

2. planar-oriented bent molecules—monolayer type II with
a minimum at a = 12 A.

3. out-of-plane-oriented molecules—monolayer type III
with a minimum at a = 7.5 A.

The closer the Pc molecules come to each other, the stronger
the intermolecular interactions leading to reorientation and
molecular deformation. As a consequence, interacting molecules
tend to stack out of the molecular plane when their distance
decreases.

The most stable ZnPc monolayer structures of types I, II, and
III were used to study the adsorption of DMMP molecules. The
resulting structures are shown in Figure 6. Due to the higher
availability of covalent adsorption sites, monolayers of types I
and II (see Figure 6a—d) are, of course, more representative for
an efficient DMMP-sensing mechanism. In the case of a Pc
arrangement of type III monolayers, these adsorption sites are
absent or at least reduced to the edges of ZnPc islands, where the
interaction is still mainly dominated by the van der Waals (vdW)
interactions (see Figure 6e).

Compared to the adsorption on single ZnPc molecules (S
type), the formation of ZnPc monolayers of types I and II yields
slightly more stable structures of DMMP (by about 20 and 10
meV, respectively). According to an analysis of the charge
redistribution for these arrangements, the formation of ZnPc
monolayers (in particular, type I) yields an increase in the charge
transfer between DMMP and ZnPc mediated by the
intermolecular interactions. Corresponding to these small
energy changes, only tiny variations of the DMMP geometries
are observed: 6 is now about 0°, while r and d as well as @ have
barely changed. This indicates that the DMMP—substrate
interaction does not depend too strongly on the total number of
gas particles.

As expected, the adsorption of DMMP on a type III
monolayer with strongly tilted ZnPc molecules does not allow
for covalent bonding. Purely vdW-bonded DMMP molecules
provide about 40% of the adsorption energies found in the other
two cases.

It is important to note that the above discussion of adsorption
on type I and II monolayers refers to a 1:1 coverage of DMMP
on ZnPc. However, upon decreasing the coverage into the sub-
ML regime, e.g., assuming 1 of 4 ZnPc decorated with a DMMP
molecule, the geometry of the DMMP molecule and its
adsorption energy have barely changed. This again confirms
the stable sensing potential of the investigated system.

3.3. Charge Transfer and DMMP Adsorption on ZnPc
Double Stacks. Besides binding energies, other parameters like
charge transfer and/or dipole layers may offer a more direct and,
thus, characteristic relation to the sensing capability and the
mechanism behind it.”® Since DMMP interacts rather strongly
with ZnPc, forming a covalent bond, charge relocation/transfer
at the interface is believed to be one of the key components to
detect DMMP by ZnPc, while its amount directly influences the
sensor performance.

To analyze this charge transfer, it is important to consider
models that account for the multilayer aspects of the Pc
substrate as realistically as possible. For this purpose, we extend
our theoretical DFT modeling to DMMP adsorption on
multistacks (up to six layers) of ZnPc. Similar to the monolayer
calculations, we first optimized the ZnPc structures and
addressed the changes of the adsorption geometry of DMMP
on this structure afterward. For the sake of simplicity, we restrict
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DMMP-ZnPc (Monolayer type 1)
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(e) DMMP-ZnPc (Monolayer type Il1)

Figure 6. (a/b, c/d) Top/perspective views of DMMP adsorbed on ZnPc monolayers of types I and I1. For the dimensions of the unit cells, see text. (e)
Perspective view of DMMP adsorbed on ZnPc monolayer type III. The dimensions of the unit cell are twice those shown in Figure 5 (a* = 2a), so that

they are comparable to those of monolayer types I and IL

the detailed discussion on ZnPc double stacks but briefly note
that the qualitative results hold also in the case of multistacks.
To optimize the structure of ZnPc multilayers, we relaxed
their structures by testing a variety of stacking possibilities.
Thereby, the angle between the long axis (LA) (see Figure 1) of
both stacking molecules is considered as a reference for the
molecular orientation (), while the relative lateral distance ()
between the Zn atoms is taken as a reference for the molecular
registries. Both parameters have been widely varied and the
energy of each structure has been calculated. The calculations
show two energy minima. A local energy minimum is obtained if
the planes of both ZnPcs are parallel but with a tilting angle ¢ =
45° (see Figure 7a). In the global minimum (energetically more
stable by 0.26 €V), the LAs of both molecules are parallel to each
other (¢ = 0°). However, their centers are laterally shifted by m
= 1.32 A, while their centers are vertically separated by 2.92 A
(see Figure 7b). Denoted as slipped—stack packing, this mode of

crystallization is commonly known for phthalocyanines.”””®

Again, upon the adsorption of DMMP on the double-stack
structure of ZnPcs (see Figure 7c,d), its geometries exhibit no
significant changes compared to these related to the S type. The
adsorption energy for this structure equals —0.89 eV. This value
is around 30 meV lower than that for the single ZnPc molecule,
an effect that can be attributed to a slightly modified charge
transfer (see below).

To report on the amount and the direction of the charge
transfer between the attached DMMP and the modeled ZnPc
part of the substrate, we perform a Lowdin analysis and compare
the charge distribution between the constituent atoms of both
molecules (ZnPc and DMMP) before and after the adsorption.
Our calculations indicate a net charge transfer by about 0.35 e
from DMMP to ZnPc. The charge density (electron density) has
been almost uniformly depleted from all DMMP atoms but
mainly from the region between P and Ol atoms (e.g, the
depleted charge on the O1 atom is calculated to be 0.14 e). It is
accumulated at the center of the ZnPc molecule, at the Zn atom
(by 0.19 ¢), and in the region between the Zn and the attached
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Figure 7. Top views of ZnPc double layers in the (a) energetically local minimum and (b) global minimum structures. The lines indicate the long axes
of the molecules, the parameter m indicates the relative lateral shift between the Zn atoms in the stacked molecules, while ¢ indicates the relative
azimuthal orientation of stacked molecules. (c) Top and (d) side views of DMMP adsorbed on double-stacked ZnPc in the most stable structure. The
uppermost ZnPc molecule (most related to the sensing aspects) is shown in colors similar to those of the previous figures (as a guide to the eye, the

second molecule is shown in light brown).

(@)

9 I c|ectron depletion
I electron accumulation

sarin-ZnPc

(b)

o)

Figure 8. (a/c) Charge density difference calculated for DMMP/sarin adsorbed on a single ZnPc in its most stable structure, expressing the charge
redistribution upon DMMP/sarin adsorption on ZnPc (an isosurface value of +0.004 e/A* was chosen). (b/d) Side view of the same structure of
DMMP/sarin. The charge distribution indicates the formation of a surface dipole moment, denoted by p.

O1 atom (see Figure 8a,b). The other part of the ZnPc molecule
undergoes a polarization effect. Thereby, a slight charge
accumulation on the inner nitrogen atoms by 0.03 e and a
depletion of 0.04 e on the outer ones have been calculated. On
carbon atoms, we calculate a total charge accumulation of about
0.2 e (~0.005 e per C atom).
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It is illustrative that a possible charge transfer toward
neighboring ZnPc deeper in the substrate does not take place,
at least not to a critical extent: our calculations showed, in the
case of a neutral DMMP-double ZnPc system, that almost 90%
of transferred charge density accumulates on the uppermost
ZnPc molecule, while only 10% is further transferred to the
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Figure 9. High-resolution XPS spectra ((a) P 2p, (b) C 1s, (c) N 1s, and (d) Zn 2p; ;) of the DMMP-exposed samples (upper panels) in comparison
to the pristine ZnPc samples (bottom panels). (a) The weak P 2p signal is decomposed into 2p, ;, and 2p; , signals. The other recorded energy regions
(b—d) have been decomposed into components from nonequivalent constituent atoms. The characteristic DMMP-related shifts in the N 1s and Zn
2p;, binding energies of the DMMP-exposed samples are also indicated.

second one. As a consequence, our DFT analysis indicates the
formation of a surface dipole layer as a main ingredient of the
sensing mechanism; see also Figure 8. It is also important to note
that the aforementioned findings, in particular, the formation of
the surface dipole and its direction, hold as well for the case of
sarin (see Figure 8c,d). Below, we confirm these claims by XPS
spectroscopy applied on DMMP.

It has to be pointed out that the ZnPc sensing layer is
deposited on another material, e.g,, MoOj. The thickness of the
ZnPc layer (10 nm) does not allow for a complete atomistic
modeling of the complete system. Therefore, we approximate a
possible electron transfer across the second interface (ZnPc/
MoO;) by considering charged models of DMMP—ZnPc with
additional net charges up to +2 e. The calculations show that
irrespective of the sign and value of the net charge, the extra
charge is completely distributed on the DMMP-decorated ZnPc
molecules without changing the geometrical properties of a
covalently bound DMMP considerably. The secondary inter-
face, thus, might modify the Fermi level and some aspects of the
induced surface dipole but it will not cancel it.

For further characterization of the induced surface dipole, we
calculate the work function changes (A¢) upon DMMP
adsorption (A¢ = Pzupe_pympr — Pzupe)- The work function ¢
(or, in the case of a molecular system, ionization energy) is
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defined as the difference between the respective Fermi level (the
highest occupied molecular orbital (HOMO)) and the vacuum

level. Thus, A¢p = —élpl reflects the nonuniform electrostatic

potential at the surface and provides a direct measure for the
induced surface dipole p. For pristine ZnPc, we calculate a value
of 1.76 eV, which decreases to 1.22 eV if a DMMP molecule
adsorbs at ZnPc in the S-type structure. Due to spurious electron
self-energy effects, DFT is expected to underestimate the work
function compared to the measured values. Indeed, exper-
imentally, a value of 4.4 eV is reported for ZnPc.”” Work
function changes (A¢) due to molecular adsorption can be
expected to be trustworthy, however.”” The nonvanishing
change, more precisely the considerable reduction of the work
function by 0.54 eV, thus confirms the formation of the surface
dipole upon DMMP adsorption, pointing from the ZnPc
substrate toward the DMMP molecule (see also Figure 8). Note
that A¢ is largely reduced to a few meV if DMMP is vdW
adsorbed on ZnPc (category C), where no covalent bond is
formed, no direct charge transfer takes place, and, thus, no
relevant dipole is induced. For other MPc, the adsorption of
DMMP results in a reduction of the work function by 0.21, 0.18,
and 0.20 eV for CoPc, CuPc, and NiPc, respectively. This again
confirms the already reported trend in the adsorption energies of
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DMMP on different MPcs, and renders ZnPc as the potentially
most sensitive MPc for DMMP adsorption.

3.4. Experimental Verification by Photoelectron Spec-
troscopy (XPS). Motivated by the results of our DFT
calculations, we employ XPS spectroscopy to experimentally
verify the theoretical findings. In principle, both effects, (i) the
induced charge transfer from DMMP to the sensing ZnPc
material (surface dipole) and (ii) the existence of the underlying
substrate (MoO,), provide the potential to yield energy shifts in
the spectroscopic fingerprints. Based on this, we report on the
related changes in X-ray spectra upon adsorption of DMMP
molecules, namely, XPS at the C 1s, N 1s, and Zn 2p core levels.

Figure 9a—d shows a set of high-resolution XPS spectra
recorded for pristine ZnPc (bottom rows) and DMMP-exposed
(upper rows) samples. From the chemical structure of the
sensing part of the sample, ZnPc, and DMMP molecules, it is
intuitively clear that an appearance of oxygen or phosphorous is
indicative of the adsorption of DMMP molecules. However,
since the MoOj; substrate includes oxygen in its structure,
measuring the O 1s XPS signal yields a less reliable indicator for
DMMP adsorption. Thus, being present in the adsorbed
molecular species exclusively, P appears, at first glance, to be
the best indicator for DMMP adsorption at the ZnPc surface.

3.4.1. P 2p Region. Figure 9a shows a comparison in the P 2p
region. As expected, there is no distinct P-related signal in the
pristine (P-free) sample at all. For the DMMP-exposed sample,
however, we detect a slight rise of a spin—orbit split signal
around ~130 eV, which is a clear fingerprint of a P 2p core
level.*" The decomposition into P 2p; , and 2p;, spin—orbit
split components is also supported by our additional relativistic
DFT calculations predicting a splitting of 1.226 eV. The
intensity of the signal is, however, extremely weak. Note that this
does not mean that the coupling to the ZnPc is weak. The
weakness of the signal simply reflects the dominant contribution
of the ZnPc layers and renders signals from this sensing part of
the sample as dominating and much more promising for sensing.
It may also indicate that only a part of the available adsorption
sites is occupied by DMMP. This appears furthermore likely as
the surface is not homogeneous, whereby a part of ZnPcs might
possess orientations different from the most favorable flat-lying
structure.

3.4.2. C 1s Region. Figure 9b compares the C 1s in pristine
ZnPc with that of the DMMP-exposed sample. The decom-
position of the C 1s region into components of different carbon
types provides signals that can be unambiguously assigned to
C—C and C-N signals accompanied by their respective
satellites (Sc_c and Sc_y).*” Such a decomposition for the
DMMP-exposed sample, however, reveals no clear extra signals.
The explanation of this aspect is again straightforward: as in the
case of the P 2p signal, the overwhelming majority of the carbon
signal stems from the ZnPc film. According to our calculations
(see Figure S3 in SI), the C—P and C=O components of this
region should contribute to signals at energies of about 286 and
287.5 eV, respectively. The latter is notably overlapping with the
Sc_n region in the measured spectrum. Indeed, the measure-
ments exhibit a slight increase in this region in the DMMP-
exposed sample. However, while the calculations indicate a
DMMP adsorption-induced electron accumulation at the ZnPc
carbon atoms resulting in a slight shift of about 0.2 eV toward
smaller binding energies, no significant energy shift could be
observed experimentally. Besides the already mentioned overlap
with other contaminating signals, this may be related to the
comparatively high X-ray attenuation length in the C 1s energy
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regime. In any case, the C 1s energy region appears to be only a
very indirect indicator for residual DMMP adsorption at the
ZnPc surface. It appears to be not really sensitive to DMMP
adsorption and, thus, cannot be used for further evaluation of the
sensing mechanism.

3.4.3. N 1s Region. More relevant information on DMMP
adsorption can be expected from the core-level shifts in the N 1s
region. Figure 9¢ shows the existence of three components that
can be attributed to (starting from the lowest binding energy)
residual substrate-related Mo 3p;,,, N—C, and N—H. The latter
is a contribution of residual base-free Pc existing in the
evaporated source material (see Figure S4 in SI). Among
them, the N—C component is of particular interest, since it is
one of the main constituents of the examined ZnPc structure.
Apparently, this component undergoes a significant shift toward
smaller binding energies by 0.8 eV after DMMP adsorption
(Figure 9c), which is in qualitative agreement with a DFT-
calculated shift of about 0.5 eV. Note that the DFT-predicted
asymmetry in the charge redistribution over the N ligands
(+0.04 vs —0.03 ¢, even with different signs) is able to explain
variations of up to 0.1 eV (see the calculated XPS N 1s spectra,
SS, in SI). While the present measurements do not provide
direct information on the specific arrangement of the ZnPc
molecules, the relatively large chemical shifts that take place
indicate covalent bonding between DMMP and ZnPc. In other
words, there is strong evidence that the topmost layer of ZnPc is
a monolayer of type I or II.

3.44. Zn 2p Region. Given the covalent adsorption of
DMMP at the Zn atom and, according to our charge analysis, it
can be expected that the Zn 2p region presents the most
powerful signature verifying that DMMP adsorption has taken
place. Figure 9d compares the Zn 2p;,, region of pristine ZnPc
(bottom) and the DMMP-exposed samples (top). In both cases,
the region consists of a single Zn-related component showing a
simple symmetric form of Zn 2p with no hint of additional peaks
from different states. Most importantly, the peak in the case of
the DMMP-exposed sample is indeed (and surprisingly
strongly) shifted by 3 eV compared to the sample of pristine
ZnPc. Again, the shift is toward smaller binding energies,
consistent with our calculated (DFT-predicted) DMMP-
induced accumulation of valence charge in the Zn vicinity. By
calculating the Zn 2p core-level shift for the DMMP—ZnPc
system, we actually obtain a rather moderate decrease of the
corresponding binding energy by roughly 1 eV.

Although theory and experiment show qualitative agreement
in terms of the direction, they strongly differ in the size of the Zn
2p shift. Whereas the calculated values provide an upper limit for
the shifts (for purely vdW-bound DMMP, smaller shifts are
expected), the experimental values are unusually high. A
measured Zn 2p binding energy of 1017 eV is clearly out of
the usual range between 1022 and 1019 eV. According to our
DEFT calculations, however, the high value could be explained by
negative recharging upon DMMP adsorption by, e.g, one
electron: then a total shift of the Zn 2p by 2.9 eV is obtained.
Simultaneously, also, the shifts of the N 1s and C 1s binding
energies are considerably increased, resulting in actually too high
values of 2.1 eV and 1.4 eV, respectively. This fact renders rigid
negative charging of the DMMP—ZnPc to be less probable. One
may speculate that the recharging is related to the high-energy
treatment in the case of the Zn 2p XPS measurements. Since
other experimental side effects cannot be excluded, a detailed
evaluation of the origin behind a possible energy/edge-selective
recharging remains for future work.
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4. CONCLUSIONS

DEFT calculations on the adsorption of sarin and its less toxic
simulant DMMP on metal-centered phthalocyanines, namely,
ZnPc, NiP¢, CuPc, and CoPc, are presented. The calculations
show a strong similarity of the interaction of both species to
various MPcs. The strongest interaction was found for ZnPc,
suggesting the latter for real sensor applications. The most stable
conformation is found for both DMMP and sarin, covalently
bound via the O=P oxygen with the central Zn atom of the
ZnPc. We further found that among possible types of ZnPc
monolayers, the most preferable for DMMP sensing are those
where the molecules are well-ordered in the planar form so that
covalent adsorption sites are highly available. Since the
orientation of MPc in the real sensing structure depends on
the substrate, deposition techniques as well as deposition
temperature and pressure, it appears of special importance to
take this factor into account during device design. According to
our DFT predictions, which were confirmed by experimental
XPS studies, the sensing mechanism is related to the DMMP-
induced charge transfer resulting in a surface-dipole layer. Our
results indicate that further modification of the surface dipole is
instrumental for an optimization of the sensing efficiency and,
thus, needs to be further evaluated in future sensing device
design.

This study represents a cornerstone for understanding the
sensing mechanisms of a warfare agent and provides an eflicient
aid for perspective sensing device development.
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