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Integrated analyses on a series of β-diketonate-diamine 
transition metal complexes (M = Fe, Co, Cu, Zn), high-
light the metal center influence on molecular physico-
chemical properties and provide understanding of the fa-
vorable behavior of these complexes as metal sources in 
the CVD growth of metal/metal oxides nanomaterials. The 
Zn complex, which shows the most symmetric coordina-
tion environment in the gas phase, is activated in contact 
with the heated CVD growth surface model. First-
principles simulations evidenced surface-induced rolling 
motion of the Zn precursor in the 363-750 K range, sug-
gesting the relevance of vibrationally excited molecular 
rolling as activation pathway in high temperature surface 
chemistry.   

 

Molecular properties (left) and hot-surface behavior 
(right) of the Zn(hfa)2TMEDA CVD precursor. 

 
1 Introduction The bottom-up fabrication of func-

tional nanomaterials through the decomposition of molecu-
lar precursors on heated surfaces is a technologically stra-
tegic process at the basis of a plethora of applications. In 
this context, Chemical Vapor Deposition (CVD) routes, in 
which the source compounds are initially brought into the 
vapour phase, are well-established and very versatile ap-
proaches to control the nucleation/growth of specific na-
nomaterials [1]. A careful choice of the operating condi-
tions, e.g., substrate temperature and nature, reaction at-
mosphere, pressure and flow rates, molecular precursor en-
ables the obtainment of nanosystems with prescribed com-
position, morphology and spatial organization [2]. Howev-
er, in spite of such progresses, the microscopic-level de-
tails of the processes are still mostly obscure. In this regard, 
computational modelling combined with experimental 
studies could be of key importance to achieve such molec-
ular-level insight, promoting further progresses in this stra-
tegic research area [3]. 

The precursor chemistry lies at the origin of the proper-
ties of the resulting CVD materials. Prediction of the 
chemico/physical behavior of source molecules could help 
in developing novel precursors, characterized by high vola-
tility, intact vaporization and clean decomposition into the 
target (nano)materials [4,5]. Moreover, knowledge of pre-
cursor molecular properties is a crucial step to understand 
how the precursor interacts with the growth surface, as 
well as with other gaseous species, under the operating 
CVD conditions [3]. In this context, modeling approaches 
are playing an increasingly important role, but further pro-
gress is needed in order to gain fundamental knowledge of 
the basic chemistry of CVD processes. [3, 6-9] 
A broad variety of transition metal/metal-oxides nano-
materials can be developed starting from the so-called sec-
ond generation precursors. These are, in general, stable 
complexes with shelf-life and mass transport properties su-
perior to conventional coordination compounds [10], 
thanks to the full saturation of the metal coordination 
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 sphere by sterically demanding ligands. In this broad sce-
nario, an attractive family of compounds are the β-
diketonate-diamine complexes with general formula 
M(hfa)2TMEDA (hfa=1,1,1,5,5,5 - hexafluoro - 2,4 – pen-
tanedionate; TMEDA=N,N,N',N' -
tetramethylethylenediamine), where M is a divalent first-
row transition metal (e.g., Fe, Co, Cu, Zn) [11-15]. These 
precursors possess very favourable properties for the depo-
sition of the corresponding metal/metal oxide nanomateri-
als. For  instance, ZnO nanoarchitectures may be obtained 
starting from the Zn precursor [11], whereas both CuO and 
Cu2O oxides can be fabricated from Cu(hfa)2TMEDA 
through a proper selection of the process parameters [16]. 
Integrated experimental-computational analyses have clari-
fied the metal-ligands bonding [13] and unraveled the gas-
phase fragmentation mechanism of Cu(hfa)2TMEDA [17]. 
Further studies on the Co [18] and Fe [14, 15] homologues 
have revealed that properties and reactivity of this kind of 
precursors are significantly influenced by the metal center 
M. In fact, despite all M(hfa)2TMEDA complexes present 
a pseudo-octahedral structure with a MO4N2 core [13-15, 
18], they show structural differences accompanied by di-
verse gas phase behaviors. For instance, the first step of the 
Fe(hfa)2TMEDA fragmentation is the loss of the neutral 
TMEDA ligand [15], whereas release of a negatively 
charged diketonate hfa occurs for the Cu compound [13, 
17]. Furthermore, by studying the interactions of the Cu 
precursor with the heated substrate, a new type of surface 
behavior, defined as fast rolling diffusion on the hot sur-
face (T=750 K) [19], was evidenced. This molecular cart-
wheeling motion, also characterized by significant vibra-
tional excitation of metal-ligand bonds, might promote 
high-energy collisions on the growth surface, which could, 
in turn, activate decomposition processes. Nevertheless, in 
spite of such information, the behavior of CVD molecular 
precursors on growth substrates still remains a largely un-
explored issue which certainly deserves further attention. 
For example, it would be relevant to establish whether the 
molecular tumbling observed for Cu(hfa)2TMEDA [19] 
could be a general aspect of high-temperature surface 
chemistry. A first step towards this broader perspective 
picture is undoubtedly the investigation of the behavior 
presented by analogous CVD precursors under the same 
experimental conditions. 
In an attempt to gain further insights on the interrelations 
between the chemical behavior and the metal center nature, 
the present work reports a comprehensive investigation on 
M(hfa)2TMEDA precursors, where novel results  on  mo-
lecular and surface properties of the Zn homologue, 
Zn(hfa)2TMEDA, will be presented and discussed through 
comparison with the other complexes of the family.  
In particular, a joint experimental-theoretical approach is 
adopted for the Zn precursor characterization, whereas the 
behavior of the Zn complex in contact with the hot surface 
of a CVD substrate is modelled and compared with the 
case of Cu(hfa)2TMEDA [19]. Since the adopted tempera-
ture plays a key role in determining behavior, properties 

and reactivity of the precursor/surface system [3], the be-
havior of the target Zn precursor on the model growth sur-
face is investigated at different temperature conditions. 

2 Materials and methods 
2.1 Experimental Zn(hfa)2TMEDA was synthesized 

according to previously reported procedures [11,20]. FT-
IR analyses were performed on KBr pellets in transmit-
tance mode by means of a Thermo-Nicolet Nexus 860 
spectrophotometer, using a spectral resolution of 4 cm-1. 

2.2 Computational Density Functional Theory 
(DFT) calculations on the Zn(hfa)2TMEDA complex (spin 
multiplicity = 1) were performed by the Gaussian 09 (G09) 
code [21]. Optimized structures and vibrational (harmonic) 
frequencies were calculated with the M06 hybrid function-
al [22]. An ECP10-MDF pseudopotential [23] with the 
aug-cc-pVDZ-PP basis set was adopted for Zn [24]. Full 
double zeta plus diffuse and polarization functions basis 
sets (D95+*) were adopted for the ligand atoms [25]. X-
ray coordinates [20] were used as guess positions in the 
optimizations, yielding structures with positive harmonic 
frequencies. For the comparison of the calculated vibra-
tional spectrum with experimental IR data, following a 
standard practice, a shift factor of 0.97 was applied to cal-
culated wavenumbers [26]. Zn(hfa)2TMEDA geometry 
was also optimized by using the B3LYP and PBE func-
tionals, providing close results (see Table 1). 

Binding energies of the TMEDA and hfa ligands in 
Zn(hfa)2TMEDA were calculated at the M06/D95+* theo-
ry level. The counterpoise correction for basis set superpo-
sition errors was applied. Structural relaxation of the hfa 
and TMEDA fragments was kept into account.  

The temperature effects on the Zn(hfa)2TMEDA com-
plex were studied by First Principles Molecular Dynamics 
(FPMD) [27, 28] simulations with the CPMD code [29]. 
The Perdew–Burke–Ernzerhof (PBE) functional [30] was 
adopted, with plane wave (PW) basis sets and ultrasoft 
pseudopotentials [31] for all atoms. For the isolated com-
plex, a cubic box of 1.69 nm length with PW cut-off of 25 
and 200 Ry for orbital expansion and electronic density 
representation, respectively, was adopted. Benchmark tests 
at higher cut-off values were performed as well. The 
PW/PBE minimum energy structure was calculated by a 
geometry optimization. Such a structure, which was very 
close to the optimized ones computed with localised basis 
sets (see Table 1), was used as starting configuration for a 
12 ps-long simulation at T=340 K, i.e. slightly above the 
complex sublimation temperature (T=333 K). A time step 
of 0.121 fs was used for trajectory integration, with an in-
ertia parameter of 500 atomic units (au) for the electronic 
coefficients [28]. 

The behavior of Zn(hfa)2TMEDA on the CVD growth 
surface was simulated with DFT, periodic boundary condi-
tions and plane waves (PW) basis sets. Under the experi-
mental conditions adopted in CVD experiments (precursor 
vaporization temperature = 333 K, O2+H2O atmosphere, 
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1 Si(100) support heated in the 523-773 K temperature 
range) [11], the exposed surface is hydroxylated SiO2 [32]. 
The model adopted to simulate the growth surface is there-
fore a 1 nm thick periodically repeated slab (stoichiometry: 
Si36O72·8H2O) of 1.69 × 1.69 nm2 area, with a concentra-
tion of 2.8 surface silanol groups per nm2. Such a model, 
previously adopted for the Cu homologue precursor [19], 
has also provided adequate descriptions for other surface 
phenomena [33,34]. A 1.69×1.69×2.6 nm3 simulation box 
was used for the (Zn(hfa)2TMEDA + surface) model sys-
tem, composed by 185 atoms. The starting configuration 
was built by using Zn(hfa)2TMEDA coordinates taken 
from random configurations sampled along the FPMD tra-
jectory of the isolated complex, and positioning the precur-
sor molecule on the model surface with a random orienta-
tion. FPMD simulations were performed with the CPMD 
code [29]. Ultra-soft pseudopotentials [31] were used for 
Zn, F, O, N, C, H, whereas a norm-conserving pseudopo-
tential was adopted for Si [35, 36]. This electronic struc-
ture calculation scheme provides an adequate description 
of large sized inorganic-organic systems [19, 37-40] As for 
the 340 K isolated precursor simulation, the PBE density 
functional [30] was adopted, along with the same PW cut-
off values and computational scheme for trajectory integra-
tion.  

Data were collected from three production runs (MD1, 
MD2, MD3) of 20 ps each in the canonical ensemble, per-
formed by selecting target temperatures of 363, 500 and 
750 K, respectively. Nose–Hoover thermostats [41] and 6 
ps equilibration time were adopted in all simulations. 

Geometry optimizations of the (Zn(hfa)2TMEDA + 
surface) system were performed on different configura-
tions sampled along the trajectories. Among the optimized 
structures, the lowest energy one provided the 
Zn(hfa)2TMEDA physisorption geometry. The complex-
surface binding energy BE was calculated by the formula: 

BE = E(complex+surface) - E(complex) - E(surface)  (1) 

where E(complex+surface) is the energy of physisorbed 
Zn(hfa)2TMEDA, while E(complex) and E(surf) are the 
energies of the isolated complex and substrate slab, respec-
tively, optimized in the simulation box adopted for the 
overall system. All geometry optimizations with PW basis 
were performed by adopting a quasi-Newton algorithm 
[28] and a convergence criterion of 10-4 au for the maxi-
mum force per atom. 

Calculations were performed at the Centro di Calcolo 
Scientifico of Insubria University and at the CINECA Ital-
ian Supercomputing Center (Bologna). 

3 Results and discussion 
3.1 Molecular properties of the precursor 
3.1.1 Zn(hfa)2TMEDA structure and stability 
The minimum energy structure of the Zn(hfa)2TMEDA 

complex, shown in Fig. 1, is characterized by a C2 sym-

metry with the 2-fold axis bisecting the diamine ligand, 
and a six-fold Zn coordination.  

 

 

Figure 1 Top: Minimum energy structure of Zn(hfa)2TMEDA 
(M06/D95+* level). Bottom: enlarged view of the pseudo-
octahedral Zn coordination environment. Color codes: Zn: cyan, 
F: green, O: red, N: blue, C: grey, H: white. 

 
As in the homologous Co [18], Fe [14] and Cu [13] 

complexes, the two β-diketonate and diamine ligands are 
bound to the metal center according to a distorted octahe-
dral geometry. Bond distances and angles of the ZnO4N2 
coordination octahedron, calculated for the isolated Zn 
complex at different theory levels, are reported in Table 1 
and compared with the corresponding X-ray values taken 
from Ref. [20].  
Calculated bond angles evidence modest distortions of 
ZnO4N2 from a perfect octahedral geometry. Bond lengths 
values indicate that the Zn coordination environment is ac-
tually rather symmetrical, with close values of the Zn-O1 
and Zn-O2 distances and slightly longer Zn-N bonds. All 
the tested density functional approximations successfully 
reproduce these general features. In particular, the results 
obtained with a pure DFT functional and PW basis 
(PBE/PW) agree to a good extent with higher level data 
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 calculated with hybrid functionals and Gaussian basis sets. 
Such an agreement is of relevance in view of 
Zn(hfa)2TMEDA modelling on the growth surface, acces-
sible only through the former approach. The results on pre-
cursor molecular properties presented hereafter will refer 
to the M06 functional, unless otherwise stated. 

 
 

Table 1 Geometrical parameters of Zn(hfa)2TMEDA. Atom 
numbering as in Fig. 1. 

distance 
(Å) 

M06 B3LYP PBE PBE/PW Exp*   

Zn-O1 2.079 2.100 2.110 2.121 2.102   

Zn-O2 2.095 2.112 2.114 2.132 2.126   
Zn-N 2.159 2.283 2.220 2.233 2.145   

angle (º)        

O1-Zn-O1 171.1 170.6 171.3 171.2 173.6   

O2-Zn-N 178.4 176.5 176.9 176.5 174.8   

O1-Zn-N 92.8 

93.8 

93.5 

93.5 

93.0 

93.4 

93.2 

93.3 

89.8 

94.4 

  

O1-Zn-O2 86.4 

87.2 

85.6 

87.8 

86.8 

87.0 

85.9 

87.9 

85.1 

89.5 

  

* From Ref. [20]. 
 

Beside relevant information on structure and metal-
ligand bonding of this precursor, computational results also 
provide valuable insights on its stability. The binding ener-
gies of the TMEDA and hfa ligands in the 
Zn(hfa)2TMEDA complex were calculated from energy 
differences related to the decomposition pathways 
sketched  in Eq. (2) and (3), respectively.  

 

Zn(hfa)2TMEDA → Zn(hfa)2 + TMEDA  (2) 

Zn(hfa)2TMEDA → Zn(hfa)TMEDA + hfa  (3) 

In both cases, the loss of one ligand desaturates the Zn 
coordination sphere and, in the resulting fragment, the 
metal center exhibits a tetrahedral coordination. Loss of the 
diamine ligand is thermodynamically favoured because of 
the lower TMEDA binding energy (40.8 kcal × mol−1) with 
respect to the hfa one (115.8 kcal × mol−1). Nevertheless, 
both values are high enough to ensure a precursor vapori-
zation free from undesired side-reactions. Under such con-
ditions, full saturation of the Zn coordination sphere should 
be maintained and detrimental gas phase precursor degra-
dation processes should not be significant. Nonetheless, 
precursor decomposition might be triggered by high-
energy activation pathways occurring upon interaction 
with the heated CVD growth surface [19]. 

 
 
 
 
 

Table 2 Zn-L bond lengths in Zn(hfa)2TMEDA from FPMD. 
Atom numbering as in Fig. 1. 

*distance (Å)    

Zn-O1 
2.15 (0.10) 

2.16 (0.11) 

  

Zn-O2 
2.16 (0.12) 

2.15 (0.11) 

  

Zn-N 
2.27 (0.11) 

2.30 (0.12) 

  

* Data calculated at the PBE/PW level. Computed standard deviations (in 
parentheses) provide an estimation of thermal oscillation amplitudes. 

 
In line with the above results, the compound stability 

under CVD vaporization conditions is also suggested by a 
FPMD simulation (PBE/PW level) at 340 K (i.e. slightly 
above the experimentally adopted sublimation temperature, 
333 K [11]). As indicated by the calculated average Zn-
ligand distances and standard deviations (Table 2), at 340 
K the Zn(hfa)2TMEDA octahedral geometry is preserved. 
Moreover, all Zn-ligand bonds exhibit only modest elonga-
tions with respect to the 0 K minimum energy structure 
(Table 1) and rather small thermal fluctuations. 

 
3.1.2 Zn(hfa)2TMEDA vibrational properties The 

experimental and calculated IR spectra of the complex are 
superimposed in Fig. 2. Since Zn(hfa)2TMEDA spectrum 
is similar to those observed for Fe, Co, Cu homologues, we 
refer to such studies for a thorough interpretation in terms 
of band assignment [13,14,18] and focus herein only on the 
main vibrational features. It should be highlighted that the 
calculated vibrational spectrum is obtained from the mini-
mum energy structure harmonic frequencies and refers to 
an isolated precursor molecule, thus neglecting interactions 
with surrounding molecules in the Zn(hfa)2TMEDA crystal, 
which, on the contrary, affect the experimental spectrum. 
On this basis, agreement between the red and black curves 
in Fig. 2 can be considered satisfactory, allowing thus the 
elucidation of spectral features. For sake of clarity, in the 
relative discussion we will adopt experimental wave-
numbers unless otherwise specified. 

The highest wavenumber signal at 3141 cm-1 and the 
3022-2813 cm-1 multipeak pattern are due to C-H stretch-
ing modes of the hfa and TMEDA ligands, respectively. 
The intense bands at 1669 and 1651 cm-1 arise from hfa 
carbonyl groups, whereas hfa C=C stretching/C-H bending 
modes and TMEDA CH2/CH3 deformation are associated 
to the 1554-1385 cm-1 signals. The 1346 cm-1 peak is as-
cribed to C=C and C-CF3 stretching modes, whereas bands 
at 1261, 1197 and 1144 cm-1 can be attributed to C-H 
bending and C-CF3/C-F stretching. C-C / C-N stretching 
bands appear at lower wavenumbers (934-1105 cm-1). Fi-
nally, stretching modes related to metal-ligand bonds are 
responsible for signals in the 448-584 cm-1 range. In par-
ticular, the 584 cm-1 band arises solely from Zn-O stretch-
ing, while the 494 cm-1 peak should essentially be attribut-
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1 ed to the Zn-N one. Interestingly, vibrational analysis indi-
cates that the other bands in such interval arise from com-
binations of the Zn-O1, Zn-O2 and Zn-N stretching modes, 
involving the whole Zn coordination environment. The 
presence of such collective metal-ligand vibrations arises 
from the absence of remarkable asymmetries in the 
ZnO4N2 metal-ligand bond distances, as discussed in sec-
tion 3.1.1. 

 

Figure 2 Comparison of experimental and calculated IR spectra 
of Zn(hfa)2TMEDA. A 2 cm-1 Gaussian broadening and a 0.97 
scaling factor was applied to calculated wavenumbers.  

 
3.1.3 General features of M(hfa)2TMEDA pre-

cursors Besides relevant insight on Zn(hfa)2TMEDA 
properties, the above presented results, upon comparison 
with those obtained for the Fe, Co and Cu homologues, 
could help elucidating general aspects of the chemistry of 
this series of CVD precursors. Indeed, a deeper molecular-
level understanding of M(hfa)2TMEDA chemical behavior 
could be gathered from the analysis of similarities and dif-
ferences in precursor properties as a function of the metal 
center (Table 3).  

 
Table 3 Spin multiplicity, metal-ligand bond lengths (Å) and 
molecular dipole moments µ (D) in M(hfa)2TMEDA (M = Fe, Co, 
Cu, Zn). 

* Fe**  Co Cu Zn   

spin quintet quartet doublet singlet   

M-O1 2.041 2.050 2.287 2.079   

M-O2 2.091 2.066 1.977 2.095   
M-N 2.230 2.178 2.062 2.159   

µ 7.62 7.38 8.99 8.14   

* All data are calculated at the M06/D95+* level. 
** From Ref. [14]. 

 
First, the four M(hfa)2TMEDA precursors here consid-

ered have different spin states, and, as a consequence, may 
show appreciably different  behavior both in the gas phase 
and under CVD conditions [13, 15, 18].  

Since metal-ligand bonds strongly affect precursor re-
activity, valuable insight could be obtained by comparing 

M-L bond lengths within the M(hfa)2TMEDA series. As 
observed in Table 3, both Fe and Cu complexes show sig-
nificant distortions from an ideal octahedron. However, 
whereas the apical Fe-O1 distances are shorter than the 
equatorial Fe-O2 bonds, the Cu-O1 distances are much 
longer than the Cu-O2 ones. This difference in the metal-
oxygen bond lengths on apical and equatorial positions for 
Fe and Cu precursors is related to diamine trans effects 
and Jahn-Teller distortion, respectively [13, 15]. On the 
other hand, the Co and Zn precursor geometries are charac-
terized by similar M-O1 and M-O2 distances and slightly 
larger M-N separation, and, hence, by more regular MO4N2 
geometries. Along this series of precursors, the shortest 
and longest M-N bonds are found, respectively, in the Cu 
and Fe complex, whereas Cu(hfa)2TMEDA contains simul-
taneously the shortest and longest M-O distances. Such da-
ta are also in line with the trends of the calculated M-O and 
M-N stretching frequencies along the M(hfa)2TMEDA se-
ries (Table 4). As an example, the highest and lowest ν(M-
N) are found for the Cu and Fe homologues, respectively. 
In general, these precursors present complex metal-ligand 
vibrational modes, characterized by different M-O/M-N 
stretching combinations. Nevertheless, only in the case of 
the most symmetric compound Zn(hfa)2TMEDA such 
combinations involve the whole coordination environment 
and can be considered collective modes of the ZnO4N2 oc-
tahedron. 
 
Table 4 Calculated metal-ligand stretching frequencies in 
M(hfa)2TMEDA (M = Fe, Co, Cu, Zn). 

*ν (cm-1) Fe**  Co Cu Zn   

M-O 
499  534 
584-600 

475  497 
590-598 

374-380 

585-601 
464 

588-596 
  

M-O/M-N 473  498 479  496 
465  500 

509 
472  481   

M-N 461  490 468  502 514 503   
* Frequency values (not scaled) calculated at the M06/D95+* level. 
** From Ref. [14] 

 
Besides analogies in structural and spectroscopic prop-

erties, M(hfa)2TMEDA complexes also show similar elec-
trostatic potential maps with negative and positive regions 
associated to the hfa and TMEDA ligands respectively, as 
clearly evidenced in Fig. 3 for the Zn complex. As a con-
sequence, they are all characterized by high values of the 
molecular dipole moment, which is oriented along the 2-
fold axis bisecting the diamine ligand. An inspection of di-
pole moments and M-N bond lengths/stretching frequen-
cies (Tables 3-4) reveals an increase of dipole moments 
proportionally to M-N bond strength. This phenomenon 
can be rationalized by considering that, since TMEDA acts 
as an electron donor towards the metal center, shorter M-N 
distances imply a higher ligand charge depletion, produc-
ing, in turn, a higher dipole moment.  
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Figure 3 Electrostatic potential map of the Zn(hfa)2TMEDA 
complex. Areas of high (positive) potential (in blue) are charac-
terized by a relative absence of electrons, whereas areas of low 
(negative) potential (in red) are characterized by a relative abun-
dance of electrons. Intermediary colors represent intermediary 
electrostatic potential values. Zn(hfa)2TMEDA atom color codes 
as in Fig.1. 

 
This analysis of M(hfa)2TMEDA precursor family in-

dicates that, whereas the Cu complex shows the largest 
asymmetry in M–O distances, the Zn one is characterized 
by the most symmetric coordination environment. Such 
structural differences, accompanied by the corresponding 
differences in vibrational and charge distribution properties, 
could have relevant consequences on the precursor reactiv-
ity. Indeed, in the case of Cu(hfa)2TMEDA, the interac-
tions of O2 with the metal centre are much stronger com-
pared to O1, suggesting an easier cleavage of the latter 
bond and therefore an easier loss of the hfa ligand with re-
spect to the TMEDA one. This was actually observed in 
the precursor gas phase Mass Spectrometry (MS) fragmen-
tation [13, 17]. Moreover, the presence of a weak Cu-O 
contact in the complex appreciably affected also its surface 
behavior, characterized by large temperature-induced fluc-
tuations of this labile M-L bond [19]. For these reasons, it 
is of utmost importance to investigate Zn(hfa)2TMEDA on 
the heated CVD growth substrate and compare the surface 
behavior of these two complexes. 

 
3.2 Zn(hfa)2TMEDA behavior on the CVD 

growth surface As mentioned in the Introduction, due to 
the fully saturated environment of the metal center in 
M(hfa)2TMEDA, it is difficult to figure out possible reac-
tive pathways for such complexes on the growth surface. 
The first ligand loss should, however, represent a key step 
in the precursor decomposition, since the coordination 
sphere desaturation may allow the metal centre to come in-
to direct contact with the substrate surface atoms. The high 
binding energies calculated for hfa and TMEDA ligands in 
the isolated Zn(hfa)2TMEDA molecule (see section 3.1.1) 
highlight a considerable thermodynamic stability of this 
precursor and suggest that activation processes, promoted 
by high temperature conditions/interactions with the 

growth surface, should be necessary to cleave metal-ligand 
bonds.  

In this context, it is worth recalling that water acts as a 
catalyst for precursor decomposition both in the gas phase 
and on the substrate surface, where water molecules are 
dissociatively chemisorbed forming surface silanol groups 
that favor the precursor’s anchoring. Water effects were 
not considered in the homogeneous gas phase calculations 
on M(hfa)2TMEDA, which were designed to provide a hint 
on the precursors’ thermal behaviour. Conversely, in order 
to gather a proper description of the heterogeneous phase 
processes, in the precursor/substrate system water was 
modelled as already chemisorbed on the growth surface, in 
the form of silanol groups. 

 

 

Figure 4 Graphical representation of the minimum energy struc-
ture of the Zn(hfa)2TMEDA/hydroxylated silica slab system. Slab 
color codes: Si: brown, O: red, H: white. Zn(hfa)2TMEDA atom 
color codes as in Fig.1. 

  
The minimum energy structure of the 

(Zn(hfa)2TMEDA+surface) system, shown in Figure 4, 
closely resembles the physisorption geometry calculated 
for the Cu homologous [19]. In fact, the molecule is in 
contact with the surface silanol oxygens through the 
TMEDA methyl and methylene groups, whereas hfa CF3 
moieties point away from the surface. Such an arrangement 
can be understood on the basis of the Zn(hfa)2TMEDA 
electrostatic potential map (Figure 3): the molecule inter-
acts with surface oxygens via its most electron-poor re-
gions. Bond distances of the adsorbed Zn complex reported 
in Table 5 evidence that, when in contact with the surface, 
the C2 symmetry characterizing the gas-phase molecular 
geometry is no longer preserved. In particular, among the 
Zn-O1, Zn-O2, Zn-N pairs, the bond closer to the surface 
is also the one showing the larger deviations with respect 
to the gas-phase minimum energy structure (see also Table 
1). These findings, well in line with previous ones for the 
Cu precursor [19], confirm that complex-surface interac-
tions distort the metal coordination environment. Even in 
the present case, in the physisorption geometry the distance 
of the metal center from the closest surface oxygen is well 
above 5 Å (Table 5), still too long for a direct interaction 
with surface atoms. On the other hand, the calculated 
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1 Zn(hfa)2TMEDA physisorption energy, 5.6 kcal/mol, is 
small enough to ensure that, under the temperature condi-
tions normally used in CVD experiments, thermal activa-
tion processes should occur with a high probability [3, 19].  

 
Table 5 Average Zn-L bond lengths (Å) in Zn(hfa)2TMEDA  

* OPT MD1 MD2 MD3   

T (K) 0 363 500 750   

Zn-O1 
2.136 

2.142 

2.18 (0.17) 

2.16 (0.14) 

2.24 (0.25) 

2.14 (0.12) 

3.17 (0.99) 

2.13 (0.15) 
  

Zn-O2 
2.131 

2.143 

2.18 (0.14) 

2.17 (0.14) 

2.22 (0.22) 

2.20 (0.17) 

2.08 (0.17) 

2.18 (0.20) 
  

Zn-N 
2.244 

2.203 

2.28 (0.13) 

2.29 (0.13) 

2.32 (0.18) 

2.28 (0.13) 

2.43 (0.47) 

2.68 (0.85) 

  

** Closest    
Zn-Osurf 

5.428 
5.734 

(3.418) 

7.137 

(4.972) 

6.167 

(4.877) 

  

* All data are calculated at the PBE/PW level. 
** For MD1,MD2,MD3, average values of the distance of Zn from the 
closest surface oxygen atom are reported. The values in parentheses refer 
to the minimum distance sampled along each trajectory. 

 
These observations lead now to consider the actual  

behavior of Zn(hfa)2TMEDA on the CVD growth surface 
and its temperature dependency. To this aim, three FPMD 
trajectories were collected at different temperatures (Table 
5). The first one (MD1) was carried out at 363 K, i.e. only 
slightly above the precursor sublimation temperature (333 
K), in order to explore molecule-surface interactions in the 
absence of the harsh conditions typical of a CVD experi-
ment. The other two simulations, MD2 and MD3, were 
performed at 500 K and 750 K respectively, which approx-
imately correspond to the lower and upper limits of the 
temperature interval adopted for the CVD process. Re-
markably, vibrationally excited rolling motion was detect-
ed for the precursor molecule in all the considered temper-
ature  range, i.e., not only under standard thermal-CVD 
operative conditions, but also at significantly lower tem-
peratures, as evidenced by the movie of the T=363 K simu-
lation (see Supporting information). This finding suggests 
that, besides playing a key role in CVD activation, molecu-
lar rolling may be a more general phenomenon characteriz-
ing molecule-surface interactions. Support to this hypothe-
sis is also provided by recent studies [42], where small al-
kene molecules, stimulated either by exotermic surface re-
actions or by STM electron beams on Si(100), have evi-
denced a similar behaviour in the 298-443 K range. 

By focusing now on the precursor behaviour under 
CVD conditions,  the perturbation of the Zn(hfa)2TMEDA 
molecular geometry strongly increases with temperature, 
as clearly indicated by the obtained Zn-ligand bond lengths 
(Table 5). In addition, bond distances oscillation observed 
in the 750 K trajectory are even greater than those detected 
for the Cu homologue [19]. Even though Zn never comes 
in direct contact with surface atoms, metal-ligand bonds 

are transiently broken and the ligands dynamically rear-
range around the metal center, as illustrated in Figure 5. 

 

 

Figure 5 Three snapshots taken from 750 K MD3 trajectory. 
While the Zn(hfa)2TMEDA is rolling over the hot surface, an hfa 
oxygen (yellow), initially in the apical position (top), is moved to 
the equatorial position (bottom) by a partial ligand detachment 
(center) Atom color codes as in Fig.1. For clarity, the surface is 
represented in greyscale.  
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In particular, the Zn-O1 apical bond length of one hfa 

ligand (Fig. 5, top) significantly increases during the first 
simulation stages (0 - 3.6 ps), leading to a partial ligand de-
tachment, which remains bound to Zn by its equatorial ox-
ygen O2. Subsequently, the hfa moiety rotates around the 
O2-Zn axis, with the complex passing through a distorted 
tetrahedral geometry (Fig. 5, center), and, after a 180º rota-
tion, the initially apical oxygen bounds again to the metal 
center, but in an equatorial position (Fig. 5, bottom). Since 
even the Zn-N distances exhibit similarly large oscillations, 
it can be concluded that activation of the precursor, in-
duced by interaction with the heated substrate,  has been 
achieved.  

As a general consideration, it is to recall that since pre-
cursor decomposition timescales are normally much larger 
than the time scales accessible to FPMD, CVD reactions 
modelling would require rare events sampling techniques 
[43-46]. Nevertheless, standard FPMD simulations, beside 
disclosing the precursor’s pre-reactive behaviour on a 
heated CVD support as evidenced by the above results, 
could suggest suitable variables for reactive pathways 
searches, which will be subject of future investigations .  

 
4 Conclusions   
Beside relevant insights on the physical chemistry of a 

series of amenable CVD precursors, the milestones of the 
present work are the observation of hot-surface induced 
molecular rolling for Zn(hfa)2TMEDA and the evidence 
that this motion occurs at temperature regimes even lower 
than those normally adopted in CVD experiments. These 
results strongly support the hypothesis of the general rele-
vance of vibrationally excited molecular rolling in the acti-
vation of high temperature surface processes. Finally, the 
differences between the high temperature behaviors of the 
Zn and Cu complexes highlighted in the present study 
might be at the origin of different decomposition pathways 
of the two precursors on the growth surface, which will be 
the subject of future investigation. Efforts along this direc-
tion are already under way. 
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