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A B S T R A C T   

To investigate the bond formation at polycarbonate (PC) | X interfaces (X = Ti, Al, TiAl) by X-ray photoelectron 
spectroscopy, thin metallic layers were deposited onto PC substrates by direct current magnetron sputtering. 
Additionally, changes in the chemical state of the polymer were studied systematically by density functional 
theory molecular dynamics simulations of a PC dimer interacting with the corresponding metallic surfaces. These 
predictions were confirmed by experiments, indicating a higher reactivity at PC | Ti interfaces: Ti reacts with all 
functional groups of PC, forming numerous interfacial C–Ti and (C–O)–Ti bonds, whereas Al exhibits selective 
reactivity as only (C–O)–Al bonds with the carbonate group are formed. However, integrated crystal orbital 
Hamilton population (ICOHP) calculations indicate a significantly higher interfacial bond strength for (C–O)– 
Al bonds compared to (C–O)–Ti and C–Ti bonds (ICOHP differences up to 3.1 eV). By multiplying the 
experimentally determined relative interfacial bond concentration with the theoretically determined maximum 
bond strength as an indicator for adhesion, the PC | Ti interface exhibits a ~1.9 and ~1.4 times larger value 
compared to the PC | Al and the PC | TiAl interface, respectively. Thus, Ti thin films are the preferential choice as 
adhesion layers for PC.   

1. Introduction 

Metalized polymers are utilized within microelectronics [1], food- 
packaging [2], aerospace [3], and automotive [4] industries. Suffi
cient adhesion of metal layers to polymer components is a key 
requirement for these applications. Examining the interfacial chemistry 
elucidates the reactivity between metal and individual functional groups 
of polymers, specifically regarding bond density and bond strength, 
which define adhesion. 

Poly(bisphenol A carbonate), often referred to as polycarbonate 
(PC), is a thermoplastic polymer with widespread application in con
struction, automotive, and aerospace industries, in data storage, as well 
as for electrical and telecommunication hardware [5,6]. Ti and Al are 
elements employed in several technologically relevant coating materials 
ranging from metallic Al [7] to ceramic thin films, such as Al2O3 [8], TiN 

[9] as well as metastable cubic (Ti,Al)(O,N) [10]. Especially for these 
more complex functional thin films, metallic interlayers are employed to 
improve adhesion to polymer components [10,11]. 

Massaro et al. [12] investigated the interfacial bond formation be
tween PC and evaporated Al by in-situ X-ray photoelectron spectroscopy 
(XPS). Several reaction stages were proposed: First, Al reacts with the 
carbonyl group (–C––O), and subsequently, Al reacts with the Cring–O 
group. Both reactions result in the formation of (C–O)–Al bonds. These 
reactions were inferred from the observed decreasing signal of the car
bonate as well as the Cring–O group and the simultaneous appearance of 
an additional signal in the C 1s spectrum at a binding energy (BE) of 
282.9 eV, which was attributed to (C–O)–Al bonds. After an Al layer 
thickness of 1.7 Å was reached, a second new component was observed 
at a BE = 280.6 eV, which was ascribed to the formation of C–Al bonds 
due to the reaction of Al with the aromatic group [12]. 

Abbreviations: AdC, adventitious carbon; BE, Binding energy; DFT, Density Functional Theory; ICOHP, integrated crystal orbital Hamilton population; MD, 
molecular dynamics; PC, polycarbonate; PET, polyethylene terephthalate; SAMs, self-assembled monolayers; XPS, X-ray photoelectron spectroscopy. 
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Consistent with these findings, interfacial studies of PC and evapo
rated Al carried out by Seidel et al. [13] and Rastomjee et al. [14] did 
report the formation of (C–O)–Al bonds, but in contrast to Massaro 
et al. [12], no evidence for the formation of C-Al bonds [13,14] was 
observed. 

Relevant insights regarding the reactivity of Al with PC can also be 
obtained from reports delineating the interaction between Al and self- 
assembled monolayers (SAMs) which in terms of their termination are 
chemically identical [15,16] or similar [15–17] to PC functional groups 
or fragments thereof. These studies reported no interaction between Al 
and SAMs that consist of C–C or C–H groups [15–17]; however, 
chemical interactions of Al with C–O groups were identified by a 
combined XPS, infrared spectroscopy, and time-of-flight secondary ion 
mass spectrometry analysis [15–17]. Fisher et al. [16] performed 
quantum chemical calculations of the standard reaction enthalpies 
associated with the insertion of Al into various functional groups of PC: 
While Al insertions in C–C or C–H bonds are, in fact, energetically 
stable (ΔH◦ = − 82 kJ/mol and ΔH◦ = − 44 kJ/mol, respectively), the 
formation of O–Al–H and C–Al–OH bonds (ΔH◦ = − 188 kJ/mol and 
ΔH◦ = − 248 kJ/mol, respectively) appears to be even more likely. 
However, since no reaction between Al and hydrocarbon SAMs was 
observed in the experimental part of their correlative study, Fisher et al. 
[16] concluded that the formation of C-Al bonds is kinetically limited. 

With regards to the PC | Ti interface, there is a lack of understanding 
about the interfacial bond formation in literature so far. Nevertheless, 
reports about the interaction between Ti and other polymers indicate the 
reaction of Ti with various functional groups, forming carbides [18–22], 
oxides [18,19,21], and nitrides [18] at polymer interfaces. Additionally, 
Konstadinidis et al. [23] investigated the interaction between evapo
rated Ti and differently terminated SAMs by XPS and sorted the relative 
reactivity of Ti towards different functional groups in the following 
order: –C––O> –C–––N> –COH> C–O–C> –CH3. 

Theoretical studies that do not focus on PC-containing interfaces may 
still be relevant if metals of interest interact with polymers containing 
similar functional groups as PC. For example, Calderone et al. [24] 
investigated the interaction between two Al atoms and a short molecular 
model system of polyethylene terephthalate (PET), which consists of 
aromatic and ester (–(C––O)–O–) groups. They determined that Al 
reacts preferentially with the ester group by forming covalent bonds 
with the O and C atoms of this group. Also, bonds between Al and the 
aromatic group were identified, but these organometallic bonds seem 
significantly less stable compared to (C–O)–Al bonds [24]. Similar to 
that, Chakraborty et al. [25] investigated the interaction between Al and 
acrylic polymers theoretically and determined that Al atoms interact 
exclusively with the carbonyl functional group (–C––O), whereas the 
methoxy groups (–O–CH3) seemed unreactive towards the Al atoms. 
Recently, a complementary DFT and XPS study was published on the 
bond formation between Al and poly-epoxy, which is a polymer that also 
contains bisphenol A (a precursor monomer of PC) in its structure [26]. 
They simulated XPS spectra with respect to different adsorption sites for 
the metallic atoms at the organic molecule. From the comparison of the 
theoretical spectra with the experimentally obtained XPS spectra, con
clusions about the interfacial bond formation were drawn, suggesting 
only the formation of (C–O)–Al bonds at the interface [26] which is 
consistent with Seidel et al. [13] and Rastomjee et al. [14] and in conflict 
with Massaro et al. [12]. 

These partly contradictory literature reports regarding the bond 
formation at the PC | Al interface together with the fact that the reac
tivity of the PC | Ti interface has not been investigated systematically 
motivated the here communicated research. Correlative theoretical and 
experimental investigations were carried out to study the interfacial 
bond formation between PC and Al, Ti, as well as TiAl layers system
atically in order to design adhesion layers that maximize bond strength 
and bond density. 

2. Methods 

PC substrates were prepared by using a 5 wt% solution of PC pellets 
(additive-free, product # 4315139, Sigma-Aldrich) dissolved in tetra
hydrofuran (anhydrous, 99.9% purity, inhibitor-free, Sigma-Aldrich) 
which was spin-coated (2000 rpm) on fused silica substrates (1 × 1 cm2, 
Siegert Wafer). Immediately after preparation, the substrates were 
inserted into the deposition chamber to minimize surface contamination 
due to adventitious carbon (AdC). 

Metallic thin films were synthesized by direct current magnetron 
sputtering in a laboratory-scale deposition system described elsewhere 
[27]. 99.995% pure Ti, 99.99% pure Al, and 99.99% pure Ti0.5Al0.5 
targets (Ø 50 mm) were placed at a target-to-substrate distance of 10 cm. 
The substrate holder was kept at floating potential and was rotated 
during depositions with a speed of 28 rpm to ensure a homogenous 
deposition. The employed target power density was kept constant at 
10.2 W cm− 2 for all three metallic depositions. All depositions were 
performed without intentional heating and at a base pressure ≤ 2 ×
10− 4 Pa. Argon (6.0 purity) was used as the sputtering gas at a working 
pressure of 0.5 Pa for Al and Ti depositions. To achieve the atomic ratio 
of Al/Ti ~ 1 for the TiAl thin film, a working pressure of 1 Pa was 
employed. Prior to each deposition, sputter cleaning was performed for 
~5 min behind a closed shutter to clean the target surface. 

To determine the film thickness and the consequent deposition rate 
of the metallic thin films, cross-sections were analyzed using a FEI Helios 
Nanolab 660 equipped with a field-emission microscope. The accelera
tion voltage and the current were set to 10 kV and 50 pA, respectively. 
For the experimental PC | X interfaces (X = Ti, Al, TiAl), a metal layer 
thickness <1 nm was chosen to ensure that the total volume probed by 
XPS contains the interface between the metallic layer and PC. Therefore, 
deposition time and respective layer thickness d according to Table 1 
were chosen to ensure comparable conditions regarding interface 
formation. 

After deposition, the samples were immediately transferred to the 
XPS analysis chamber with an atmosphere exposure time <5 min. The 
interfacial bond formation and the chemical composition were analyzed 
by XPS using an AXIS SUPRA (Kratos Analytical Ltd.), equipped with a 
monochromatic Al-Kα X-ray source and a hemispherical detector. During 
spectra acquisition, the base pressure of the system was <5.0 × 10− 6 Pa. 
For chemical analysis, survey scans with a pass energy of 160 eV and a 
step size of 0.25 eV were performed (5 sweeps, dwell time of 100 ms). 
High-resolution C 1s XPS spectra were obtained using a pass energy of 
20 eV and a step size of 0.05 eV (20 sweeps, dwell time of 100 ms). 
During acquisition, a charge neutralizer (low-energy, electron-only 
source) was used to avoid charging effects. The spectra were analyzed 
and fitted using the CasaXPS software package (Casa Software Ltd.). The 
chemical analysis was performed by applying the respective sensitivity 
factors provided by the manufacturer of the XPS system. XPS data fitting 
of the high-resolution spectra was performed using a mixed Gaussian- 
Lorentzian (70%–30%) peak shape and the subtraction of a Shirley 
background. The interfacial XPS analysis focuses on the C 1s signal, as 
the O 1s, Al 2p, and Ti 2p signals are affected by both interfacial re
actions and surface oxidation. The full width at half maximum of the 
fitted C 1s components was constrained to be below 1.5 eV. Even though 
the aliphatic and aromatic contributions exhibit only a ΔBE of 0.5 eV, 
they were fitted individually for pristine PC due to their known area 
ratio of 1/3 [28]. For the metalized PC samples, however, it is unknown 
how the ratio of aliphatic and aromatic contributions is affected by the 

Table 1 
Deposition rate, time, and thickness for the synthesis of Ti, Al, and TiAl layers.   

Deposition rate [nm/min] Deposition time [s] d [nm] 

Ti 18 3 0.9 
Al 33 1 0.6 
TiAl 20 2 0.7  
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interface reactions or by particle bombardment during sputtering. 
Therefore, the aliphatic and aromatic contributions were combined as 
one component for the interface analysis. The BE scale was calibrated to 
the aromatic component at 284.5 eV for pristine PC [28], whereas the 
combined aliphatic + aromatic component was set to 284.6 eV for the 
metalized samples [29]. 

Density Functional Theory (DFT) [30,31] as implemented in the 
OpenMX package [32–35] was employed to model the PC-surface 
interaction and calculate the C 1s BEs. Since the experimental struc
ture of the 2 monolayer thick metal films is unknown at the interface, the 
simplest surfaces were chosen for the simulation, namely the hexagonal 
close-packed α-Ti(0001), the tetragonal γ-TiAl(100), and the face- 
centered cubic Al(100) surface. A PC dimer was placed at a distance 
of 5 Å from the surfaces, and an ab initio molecular dynamics (MD) run 
was initiated with the temperature set to 500 K and 600 K. Especially for 
the bond strength analysis, the presence of metallic layers following the 
interface is considered to yield a more realistic description of the 
interfacial bond formation compared to single metal atoms being 
bonded to a polymer. While the PC dimer was attracted by the Ti and 
TiAl surface and reacted eventually, the PC | Al system needed an 
additional impulse for the interface reaction to occur within the time
scales of the MD run. After an initial thermalization period, the PC dimer 
was provided with an initial velocity of 2000 m/s (corresponding to 
~0.25 eV for a C atom) in the direction of the Al surface. 

The MD simulations were conducted until significant interactions 
with the metallic surfaces could be observed which often ended in a 
decomposition of the PC dimer. The temperature was controlled with 
the Nosé-Hoover [36] thermostat and the MD simulation time step was 
set to 0.5 fs. Afterwards, representative configurations of functional 
groups interacting with the metal surfaces at 500 K were selected for the 
subsequent analysis. The configurations were relaxed such that the re
sidual forces were less than 0.16 eV/Å to reduce the influence of the 
atomic vibrations on the calculated BEs and the C 1s core-electron 
binding energies were calculated for all C atoms using the method of 
Ozaki [37]. For the purpose of visual comparison with experimental 
spectra, a Gaussian broadening with a stand deviation of σ = 0.3 eV was 
applied to the calculated discrete BEs. Simulations at 600 K were carried 
out to study the interfacial bond formation events under more reactive 
boundary conditions. A standard precision basis set was used for the MD 
and force relaxation (H6.0-s2p1, C6.0-s2p2d1, O6.0-s2p2d1, Ti7.0- 
s3p2d1), while an improved precision basis including the 1 s states 
was used for the C and O atoms for the BE calculations (C7.0_1s-s4p3d2, 
O7.0_1s-s4p3d2). Energy cutoffs of 300 Ry were used for MD and 
relaxation steps, and 400 Ry for the calculation of the BEs. A dispersion 
correction was applied with the DFT-D3 approach [38]. 

Selected configurations obtained from the preceding ab initio MD 
runs were used as starting points for static DFT calculations utilizing the 
Vienna ab initio Simulation Package (VASP, version 5.4.4.) [39–41] 
employing projector-augmented wave basis sets [42] with cut-off en
ergies of 500 eV and a Gaussian smearing to consider electronic occu
pation. Both VASP and OpenMX runs modeled the electron exchange 
and correlation effects via the well-established Perdew-Burke-Ernzerhof 
(PBE) parametrization [43] of the generalized gradient approximation 
and the Brillouin zone was sampled at the Γ-point only due to the large 
system sizes (several hundred atoms in each case). 

Bonding analysis was performed via calculation of the crystal orbital 
Hamilton populations (COHP) [44] from the VASP wave functions via 
the LOBSTER package (version 4.0.0) [45–47]. The optimized PBE
VaspFit2015 basis set [48] was used for local orbital reconstruction, 
with basis functions corresponding to the choice of the PAW potentials 
in respect to valence electron configuration: 3s23p1 for Al, 4s13d3 for Ti, 
2s22p4 for O, 2s22p2 for C, and 1s1 for H. After projection and calculation 

of the COHP, the integrated values (ICOHP) per bond were extracted and 
interpreted as an indirect, but strongly correlated indicator of bond 
strength. 

All calculations data with further details are available in the NOMAD 
Archive [49]. 

3. Results and discussion 

Representative MD configurations of the PC | X interfaces 
(X = Ti, Al, TiAl) at 500 and 600 K are shown in Table 2. Generally, it is 
predicted that the PC dimer reacts with Ti and TiAl surfaces by forming 
interfacial bonds mediated by the decomposition of aromatic and car
bonate groups (Table 2 a & c). At 600 K, the formation of interfacial 
bonds between aliphatic fragments and Ti can be observed as well 
(Table 2 a). In contrast, the PC dimer reacts with the Al surface only by 
forming bonds with the decomposing carbonate group (Table 2 b). Due 
to a rather repulsive force between the hydrocarbon groups and the Al 
surface, Al atoms bonded to the carbonate group are pulled out of the Al 
crystal (Table 2 b, 500 and 600 K). 

In the following, the theoretically calculated broadened BEs and 
experimentally measured XPS spectra are compared for pristine PC 
(Fig. 1), as well as the PC | Ti (Fig. 2, Fig. 3), PC | Al (Fig. 5, Fig. 6), and 
PC | TiAl (Fig. 7, Fig. 8) interfaces. In Fig. 2, Fig. 5, and Fig. 7, the 
simulated broadened BEs of a pristine PC dimer (a), as well as of two 
different MD configurations (b & c) are shown, enabling the identifi
cation of differences and similarities regarding the bond formation be
tween the studied interfaces. The BEs of the components attributed to 
interfacial bonds determined theoretically and experimentally are 
shown in Table 3 and Table 4, respectively. 

The BEs determined theoretically for a PC dimer (dashed line) and 
experimentally for a spin-coated PC sample (solid line) are shown in 
Fig. 1. For both, the BE scale was calibrated with respect to the aromatic 
component to 284.5 eV [28]. Besides the aromatic group, the experi
mentally obtained XPS spectrum contains components attributed to the 
aliphatic group at 285.0 eV, the Cring–O group at 286.1 eV, and the 
carbonate group (O–(C––O)–O) at 290.5 eV which is in good agree
ment with literature [28,29,51], also regarding the C 1s signals of two 
π-π* shakeup satellites (291.4 eV, 292.6 eV) [29]. Additionally, the C/O 
ratio of pristine PC determined by XPS (85 at.% C and 15 at.% O) is in 
good agreement with literature values [29]. 

By comparing the measured with the calculated BEs of the functional 
groups, very good agreement is evident (Figure 1). However, it can be 
seen that the absolute value for the ΔBE of the carbonate group with 
respect to the aromatic group is slightly underestimated by DFT. 
Nevertheless, the trend of chemical shifts within the theoretical BEs is 
consistent with the experimental spectrum, rendering the prediction of 
BE shifts by DFT with the here employed methodology as sound. 

From MD simulations of the PC | Ti interface, it is predicted that 
reactions of the PC dimer with the Ti surface are initiated by both the 
carbonate as well the aromatic groups (Fig. 2 b). As shown in Fig. 2 a & 
b, initially, the theoretically determined BEs of both groups (Fig. 2 a) are 
shifted towards lower values, indicating the formation of (C–O)–Ti 
(red component, Fig. 2 b) and C–Ti bonds (green component, Fig. 2 b), 
respectively. Continuing the MD run, the PC dimer decomposes at the 
carbonate group into two fragments (Fig. 2 c). The component attributed 
to (C–O)–Ti bonds is then shifted to even lower BEs and overlaps with 
the Cring–O component (Fig. 2 c). 

In Fig. 3 b, consistent with the DFT predictions (Fig. 2 b), the for
mation of (C–O)–Ti and C–Ti bonds is experimentally evident, since 
new components at BE = 289.2 eV and at BE = 282.0 eV are observed, 
respectively. Additionally, a second (C–O)–Ti component was fitted at 
BE = 285.8 eV since this component, caused by the reaction of Ti with 
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the decomposed carbonate group, is predicted by the MD simulation 
(Fig. 2 c). In line with this, the components attributed to the carbonate 
group as well as of the π-π* shakeup satellites are decreased compared to 
pristine PC (Fig. 3 a & b), indicating reactions at the carbonate and the 
aromatic groups, respectively [12,13,52]. 

Since the (C–O)–Ti components represent reaction products with 
the carbonate and the Cring–O group, the area fractions of the O– 
(C––O)–O + Cring–O + both (C–O)–Ti components for the experi
mental PC | Ti interface should be in the same range compared to the 
area fractions of the Cring–O + O–(C––O)–O components for pristine 
PC. However, for the experimental PC | Ti interface, a decrease for these 
area fractions compared to pristine PC (from 25 to 18%, see supple
mentary information, Table S1) was observed, indicating TiOx forma
tion at the interface which cannot be quantified from the C 1s signal 
[18]. 

The aforementioned C–Ti signal was assumed to be due to interface 
reactions but could also be caused by reactions with carbon-containing 
residual gases. To identify the origin of the C–Ti signal, a ~720 nm 
thick Ti film was grown and analyzed by XPS. In contrast to the thin Ti 
film - employed throughout this paper for interface analysis, no C–Ti 
signal was observed for the thick Ti film (see supplementary 

information, Fig. S1). Therefore, it is evident that the C–Ti signal is, in 
fact, caused by chemical reactions at the interface between Ti and PC 
rather than by a surface reaction with residual gas. 

Similar to the PC | Ti interface, the MD simulations for the PC | Al 
interface predict the formation of (C–O)–Al bonds with a negative BE 
shift relative to the pristine carbonate group (Fig. 5). However, in 
contrast to the PC | Ti interface, the PC dimer immediately decomposes 
into two fragments upon initial interaction with the Al surface. The 
immediate configuration before the decomposition at the carbonate 
group is represented by the configuration shown in Fig. 5 b and Fig. 4 a, 
where the carbonate group is still intact. However, from bond strength 

Table 2 
Representative MD configurations for the PC dimer interacting with a) Ti, b) Al, and c) TiAl surfaces at 500 and 600 K [50].   

a) PC | Ti b) PC | Al c) PC | TiAl 

500 K 

600 K 

Fig. 1. C 1s spectrum determined by XPS (lower x-axis) and broadened BEs 
calculated by DFT (upper x-axis) for pristine PC (functional groups are indi
cated by colored lines). 

Fig. 2. C 1s broadened BEs obtained by DFT for a) the pristine PC dimer and b) 
& c) the PC | Ti interface for different MD configurations. 
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(ICOHP) analysis (Fig. 4 a), it is observed that the bridging C–O(–Cring) 
bond (Fig. 5 b) that is to be broken upon continuing the simulation 
(Fig. 4 b and Fig. 5 c) exhibits only half of the bond strength (− 4.6 eV) 
compared to the bridging C–O(–Cring) bond which stays intact (− 9.1 
eV). 

This indicates interaction-induced bond weakening for the MD 
configuration in Fig. 5 b which results in a subsequent decomposition 
into two fragments (Fig. 5 c). Consequently, relative to the pristine 
carbonate group, the component attributed to (C–O)–Al bonds shown 
in Fig. 5 b exhibit a higher ΔBE (2.9 eV) compared to the (C–O)–Ti 
component (1.9 eV, Fig. 2 b), (Table 3). The respective experimental 
component, indicating interfacial (C–O)–Al bonds, is displayed at BE 
= 289.6 eV (blue component, Fig. 6 b). 

After the PC dimer decomposes into two fragments, both react with 

Fig. 3. XPS C 1s spectra for a) pristine PC and b) the PC | Ti interface 
(magnification of interface signal at BE = 288–295 eV); for the interface, the 
aromatic and aliphatic components are combined to one hydrocarbon compo
nent since their ratio change after deposition is unknown and hence, cannot 
be resolved. 

Fig. 4. MD configuration of the PC | Al interface upon a) the initial interaction 
(with ICOHP values) and b) advanced interaction. 

Fig. 5. C 1s broadened BEs obtained by DFT for a) the pristine PC dimer and b) 
& c) the PC | Al interface for different MD configurations. 

Fig. 6. XPS C 1s spectra for a) pristine PC and b) the PC | Al interface 
(magnification of interface signal at BE = 288–295 eV); for the interface, the 
aromatic and aliphatic components are combined to one hydrocarbon compo
nent since their ratio change after deposition is unknown and hence, cannot 
be resolved. 
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the Al surface forming two (C–O)–Al bonds (Fig. 5 c). These signals 
overlap in the theoretically determined BEs with the Cring–O compo
nent at 286.0 eV (Fig. 5 c) and in the experimental spectrum, these 
bonds are indicated by a component at BE = 285.5 eV (Fig. 6 b). 

Here, the formation of interfacial C–Al bonds caused by a reaction 
between Al and hydrocarbon groups of PC, as it was observed by Mas
saro et al. [12], is neither observed in the simulations nor the experi
mental XPS data. This apparent contradiction may be rationalized by the 
fact that the here employed deposition rate of 33 nm/min is 100 times 
larger than the rate utilized in the Al evaporation study onto PC [12] and 
that the most probable kinetic energy of the deposited flux is in the order 
of eV rather than meV as during evaporation [53]. During vapor phase 
condensation, the phase formation – particularly of metastable phases – 
is well known to be deposition rate as well as kinetic energy dependent 
[54]. 

The MD simulation for the PC | TiAl interface predicts interfacial 
bond formation between the carbonate group and Ti as well as Al atoms 
to form (C–O)–(Ti,Al) bonds (indicated by the purple component at BE 
= 288.1 eV, Fig. 7 b). The continued simulation (Fig. 7 c) predicts higher 
tendencies to form (C–O)–(Ti,Ti) bonds, shifting the purple compo
nent to a BE = 287.9 eV. Experimentally, (C–O)–(Ti,Al) bonds are 
indicated by the component at 289.7 eV (Fig. 8 b). Furthermore, MD 
simulations predict interactions of the aromatic group exclusively with 
Ti surface atoms, forming a C–Ti bond with a negative BE shift relative 
to the C 1s signal of the aromatic group (green component, Fig. 7 b & c), 
which is consistent with a new component resolved experimentally at 
282.0 eV (Fig. 8 b). Similar to the DFT predicted PC | Ti and PC | Al 
interfaces, two more (C–O)–(Ti,Al) components could be resolved at 
BE = 285.5 and 287.1 eV, indicating reactions of Ti and Al atoms with 
decomposed carbonate groups. DFT predictions showed that the elec
tronic structure of (C–O)–Al and (C–O)–Ti components is charac
terized by several BEs (see Table 3), so that the component at 287.1 eV is 
assigned to a (third) type of (C–O)–(Ti,Al) bonds. 

Overall, it can be seen that the simulated interface reactions are in 
very good agreement with the experimental data and, hence, enable 
bond formation predictions at interfaces. 

By correlative analysis of the discussed theoretically and experi
mentally obtained BEs for components of pristine PC as well as of the PC 
| Ti, PC | Al, and PC | TiAl interfaces, it is evident that both the type and 
population of interfacial bonds formed depend strongly on the metal 
species. 

For the experimental PC | Al and PC | TiAl interfaces, >75% of the 
changes in the C 1s signal compared to pristine PC (Fig. 9 a) can be 
assigned to interfacial (C–O)–Al and (C–O)–(Ti,Al) bonds, respec
tively (Fig. 9 b & c). In contrast, >70% of all experimentally detected 
interfacial components can be assigned to C–Ti bonds for the PC | Ti 
interface (Fig. 9 d). 

In addition to the bond type ratios, information pertaining to the 
population of the interfacial bonds can be extracted from the ratio of 
interfacial components relative to the C 1s signal (Fig. 10). The diagram 
shows that the fraction of components, indicating interfacial (C–O)– 
Al, (C–O)–(Ti,Al), and (C–O)–Ti bonds, is similar for all three sys
tems (3–4.8%). However, the component indicating C–Ti bonds at the 
PC | Ti interface is by far the largest (8.9%). Depositions with a longer 
deposition time even indicate that the amount of C–Ti bonds continues 
to increase, whereas the interfacial bond formation with the carbonate 
groups seems to be saturated (see supplementary information, Fig. S2). 
Hence, the PC | Ti interface exhibits ~4 times more interfacial bonds 
compared to the PC | Al interface, while at the PC | TiAl interface, ~2 
times more interfacial bonds compared to the PC | Al interface are 
formed. Interestingly, the PC | TiAl interface exhibits only 15% of the 
C–Ti portion determined for the PC | Ti interface, even though it con
tains 50% Ti atoms. Hence, it is inferred that Al inhibits the formation of 
C–Ti bonds. This notion can be rationalized based on the PC | Al sim
ulations, where it was observed that the hydrocarbon groups are 
repelled by Al, thereby resulting in an - based on the Ti population on the 

Fig. 7. C 1s broadened BEs obtained by DFT for a) the pristine PC dimer and b) 
& c) the PC | TiAl interface for different MD configurations. 

Fig. 8. XPS C 1s spectra for a) pristine PC and b) the PC | TiAl interface 
(magnification of interface signal at BE = 288–295 eV); for the interface, the 
aromatic and aliphatic components are combined to one hydrocarbon compo
nent since their ratio change after deposition is unknown and hence, cannot 
be resolved. 
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surface - unexpectedly low population of the C–Ti bonds at the PC | TiAl 
interface. 

Since the bond strength of interfacial bonds affects the adhesion, 
ICOHP calculations for different MD configurations are analyzed. In 
total, four different configurations were considered: One for the PC | Ti 
interface shown in Fig. 2 b, one for the PC | TiAl interface shown in Fig. 7 
b, and two for the PC | Al interface shown in Fig. 5 b & c. For the PC | Al 
interface, two configurations were analyzed to have a similar ICOHP 
data set compared to the numerous Ti-based interfacial bonds. Accord
ingly, seven ICOHP values were obtained for interfacial C–Ti bonds, 
four ICOHP values for interfacial (C–O)–Ti bonds, and six ICOHP 
values for interfacial (C–O)–Al bonds (more details about the indi
vidual bonds can be found in the supplementary information). The 
overall results of this analysis are summarized in Fig. 11, showing the 
range of ICOHP values for the different interfacial bonds. Additionally, 
the graph shows the lower and the upper limit of the interatomic dis
tances r. It must be noted that a more negative ICOHP value, and thus a 
larger absolute value signifies a stronger bond. 

The distribution of interatomic distances indicates bond strength 
variations (Fig. 11): as a rule, with a shorter distance, the bond strength 
is increased. However, overall, it can be observed that the bond strength 
is mainly determined by the local chemical environment of the interface. 
Interfacial C–Ti bonds, formed by reactions between Ti atoms and the 
aromatic groups, exhibit ICOHP values in the range of − 1.0 to − 2.6 eV 
per bond (per bond is implied in the following), while the interfacial 
(C–O)–Ti bonds, formed by reactions between Ti and the carbonate 
groups, are characterized by ICOHP values between − 1.5 and − 2.6 eV. 
In contrast, the interfacial (C–O)–Al bonds, representing the bond 
formation between Al atoms and the carbonate group, exhibit ICOHP 
values between − 2.8 and − 5.7 eV, whereby a weaker bond strength is 
observed at the onset of interface formation (Fig. 5 b) and stronger 
bonds are formed as the interaction progresses (Fig. 5 c). 

Both, the DFT binding analysis and the ICOHP analysis show no 
considerable interaction between Al atoms and hydrocarbon groups of 
PC. Instead, Al forms only bonds with the C atom from the carbonate 
group as the O atoms seem to play a mediating role, leading to interfacial 

Table 3 
BEs of components indicating interfacial bonds determined by DFT for different MD configurations.  

Table 4 
BEs of components indicating interfacial bonds determined by XPS.  
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(C–O)–Al bonds as it was already observed in other interface studies 
[15–17]. 

Since the most negative ICOHP values seem to represent the interface 
conditions after more advanced interaction, these values are used to 

compare the adhesion properties at the interfaces with each other in the 
further analysis of this study (Fig. 11, III.). From this data, it can be 
concluded that interfacial (C–O)–Al bonds potentially exhibit a 
significantly higher bond strength (ICOHP down to − 5.7 eV) compared 
to interfacial C–Ti and (C–O)–Ti bonds (ICOHP for both only down to 

Fig. 9. C 1s spectra of PC | X interfaces (X = Al (b), TiAl (c), Ti (d)) in comparison to pristine PC (a) determined by XPS (interfacial bond ratios are indicated by pie 
charts color-coded according to the labels). 

Fig. 10. Fraction of C 1s components corresponding to the interfacial bonds 
forming at PC | X interfaces (X = Al, TiAl, Ti) determined by XPS. 

Fig. 11. Range of determined ICOHP values and interatomic distances (r) of 
interfacial bonds determined for different MD configurations. 
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− 2.6 eV). This trend is also observed for the least negative and the 
average ICOHP values (Fig. 11, I. and II., respectively). 

To evaluate the adhesion properties, quantitative XPS results, per
taining to bond population, and qualitative ICOHP values, closely 
correlated with bond strength, were merged in an indicator for adhe
sion: The relative interfacial bond concentration is multiplied by the 
highest determined absolute ICOHP value for the respective bond spe
cies to compare the three interfaces (Fig. 12). 

It can be seen that the PC | Ti interface exhibits a ~1.9 times larger 
value compared to the PC | Al interface. For the ICOHP analysis of the PC 
| TiAl interface, a fraction of 50% (C–O)–Ti and 50% (C–O)–Al bonds 
is assumed for the (C–O)–(Ti,Al) component. In total, a ~1.4 times 
larger value for the PC | Ti interface compared to the PC | TiAl interface 
is determined (Fig. 12). From this data, we predict that the PC | Ti 
interface likely exhibits superior adhesion compared to average PC | 
TiAl and PC | Al interfaces. 

4. Conclusions 

The bond formation at PC | X interfaces (X = Ti, Al, TiAl) was sys
tematically investigated by XPS as well as by DFT-MD simulations of a 
PC dimer interacting with the corresponding metallic surfaces. 
Comparing experimental data with predictions, irrefutable evidence is 
presented that interfacial bond formation can be predicted by the 
computational strategy employed here. Specifically, for the Ti, Al, and 
TiAl system, it is evident that most interfacial bonds are formed at the PC 
| Ti interface, namely (C–O)–Ti and C–Ti bonds. While for the Al 
system, no evidence for the formation of interfacial C–Al bonds could 
be obtained, (C–O)–Al bonds are formed instead. XPS investigations 
suggest a factor ~4 larger population of interfacial bonds at the PC | Ti 
interface compared to the PC | Al interface. However, ICOHP analyses 
performed to probe the interfacial bond strength show that (C–O)–Al 
bonds are significantly stronger than (C–O)–Ti and C–Ti bonds 
(ICOHP differences up to 3.1 eV). As both interfacial bond strength and 
the bond density affect adhesion, the relative interfacial bond concen
tration determined by XPS was multiplied by the theoretically deter
mined maximum absolute ICOHP value, serving as an indicator for 
adhesion. Based on this assessment, the PC | Ti interface exhibits a ~1.9 
times larger value than the PC | Al interface and a ~1.4 times larger 
value than the PC | TiAl interface. Hence, Ti is predicted to be the best 
choice of an adhesion layer for PC substrates compared to Al and TiAl. 
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