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Integrated analyses on a series pedliketonate-diamine
transition metal complexes (M = Fe, Co, Cu, Znghhi
light the metal center influence on molecular pbgsi
chemical properties and provide understanding efft
vorable behavior of these complexes as metal ssurce
the CVD growth of metal/metal oxides nanomateriaitse

Zn complex, which shows the most symmetric coordina

tion environment in the gas phase, is activatedoimtact
with the heated CVD growth surface model.
principles simulations evidenced surface-induceltingp
motion of the Zn precursor in the 363-750 K rangeg-
gesting the relevance of vibrationally excited nocalar
rolling as activation pathway in high temperatuveface
chemistry.

1 Introduction The bottom-up fabrication of func-
tional nanomaterials through the decomposition ofecu-
lar precursors on heated surfaces is a technolbgitaa-
tegic process at the basis of a plethora of apjgics. In
this context, Chemical Vapor Deposition (CVD) raten
which the source compounds are initially brougho ithe
vapour phase, are well-established and very vérsati-
proaches to control the nucleation/growth of speaif-
nomaterials [1]. A careful choice of the operatandi-
tions, e.g., substrate temperature and nature, reaction
mosphere, pressure and flow rates, molecular psecen-
ables the obtainment of nanosystems with prescicoec
position, morphology and spatial organization 2pwev-
er, in spite of such progresses, the microscopietee-
tails of the processes are still mostly obscurghinregard,
computational
studies could be of key importance to achieve suokec-
ular-level insight, promoting further progresseshis stra-
tegic research area [3].

First-

Molecular properties (left) and hot-surface behavio
(right) of the Zn(hfagTMEDA CVD precursor.

The precursor chemistry lies at the origin of theper-
ties of the resulting CVD materials. Prediction thie
chemico/physical behavior of source molecules cowligh
in developing novel precursors, characterized g hiola-
tility, intact vaporization and clean decompositioto the
target (nano)materials [4,5]. Moreover, knowleddee-
cursor molecular properties is a crucial step tdeustand
how the precursor interacts with the growth surfaze
well as with other gaseous species, under the tipgra
@D conditions [3]. In this context, modeling appohes
are playing an increasingly important role, butHer pro-
gress is needed in order to gain fundamental krayaleof
the basic chemistry of CVD processes. [3, 6-9]

A broad variety of transition metal/metal-oxidesnoa
materials can be developed starting from the sledaec-

modelling combined with experimentaind generation precursors. These are, in genedadb)es

complexes with shelf-life and mass transport pri@eisu-
perior to conventional coordination compounds [10],
thanks to the full saturation of the metal coortoma



sphere by sterically demanding ligands. In thisadrgce- and reactivity of the precursor/surface system {i3g, be-
nario, an attractive family of compounds are tBe havior of the target Zn precursor on the model ghosur-
diketonate-diamine complexes with general formuface is investigated at different temperature cio.
M(hfa),TMEDA (hfa=1,1,1,5,5,5 - hexafluoro - 2,4 — pen-

tanedionate; T'\/lEDA:N,N,NI,NI - 2 Materials and methods

tetrameth_y!ethylenediamine), where M is a divaltrst- 2.1 Experimental Zn(hfayTMEDA was synthesized
row transition metalgg., Fe, Co, Cu, Zn) [11-15]. Theseyccording to previously reported procedures [11,Z0]-
precursors possess very favourable propertiehiodeépo- |R analyses were performed on KBr pellets in tratsm
sition of the corresponding metal/metal oxide naat@m- tance mode by means of a Thermo-Nicolet Nexus 860
als. For instance, ZnO nanoarchitectures may t@iresl  spectrophotometer, using a spectral resolutionafi,
starting from the Zn precursor [11], whereas bottDGnd 2.2 Computational Density Functional Theory
C,O oxides can be fabricated from Cu(RTYlEDA (DFT) calculations on the Zn(ht8)MEDA complex (spin
through a proper selection of the process paramét@]. myltiplicity = 1) were performed by the Gaussian(G®9)
Integrated experimental-computational analyses b&ré  code [21]. Optimized structures and vibrationalrhanic)
fied the metal-ligands bonding [13] and unraveleel §as- frequencies were calculated with the M0O6 hybridction-
phase fragmentation mechanism of CUGTR)EDA [17]. 3| [22]. An ECP10-MDF pseudopotential [28jth the
Further studies on the Co [18] and Fe [14, 15] Hogues gyg-cc-pVDZ-PP basis set was adopted for Zn [2dl.
have revealed that properties and reactivity of kand of gouple zeta plus diffuse and polarization functidrasis
precursors are significantly influenced by the rheeater gets (D95+*) were adopted for the ligand atoms .[26]
M. In fact, despite all M(hfaYMEDA complexes presentyay coordinates [20] were used as guess positiortie

a pseudo-octahedral structure with a M@ core [13-15, gptimizations, yielding structures with positiverimmnic
18], they show structural differences accompanigddis  frequencies. For the comparison of the calculatibday
verse gas phase behaviors. For instance, thestestof the tional spectrum with experimental IR data, follogirm
Fe(hfa)TMEDA fragmentation is the loss of the neutradtandard practice, a shift factor of 0.97 was agbtb cal-
TMEDA ligand [15], whereas release of a negativelyjated wavenumbers [26]. Zn(MFAMEDA geometry
charged diketonate hfa occurs for the Cu compodi3d [was also optimized by using the B3LYP and PBE func-
17]. Furthermore, by studying the interactions é CU tionals, providing close results (see Table 1).

precursor with the heated substrate, a new typudéce Binding energies of the TMEDA and hfa ligands in
behavior, defined as fast roI_Iing diffusion on thet sur- zn(hfa) TMEDA were calculated at the MO6/D95+* theo-
face (T=750 K) [19], was evidenced. This molecwart- ry |evel. The counterpoise correction for basisssegterpo-
wheeling motion, also characterized by significaifira- - sjtion errors was applied. Structural relaxationtioé hfa
tional excitation of metal-ligand bonds, might pa® znd TMEDA fragments was kept into account.
high-energy collisions on the growth surface, whiohild, The temperature effects on the Zn(KFAJEDA com-

in turn, activate decomposition processes. Nevirssein plex were studied by First Principles Molecular Byrics
spite of such information, the behaylor of CVD noler  (FPMD) [27, 28] simulations with the CPMD code [29]
precursors on growth substrates still remains gelgrun- The perdew-Burke—Ernzerhof (PBE) functional [30jswa
explored issue which certainly deserves furthezrgitn. adopted, with plane wave (PW) basis sets and oftras
For example, it would be relevant to establish Wwaethe pseudopotentials [31] for all atoms. For the isedatom-
molecular tumbling observed for Cu(hf8MEDA [19] plex, a cubic box of 1.69 nm length with PW cut-off25
could be a general aspect of high-temperature @irfand 200 Ry for orbital expansion and electronicsitgn
chemistry. A first step towards this broader pecsipe representation, respectively, was adopted. Bendhteats
picture is undoubtedly the investigation of the @ebr at higher cut-off values were performed as welle Th
presented by analogous CVD precursors under the sasy/PBE minimum energy structure was calculated by a
experimental conditions. o o geometry optimization. Such a structure, which wesy

In an attempt to gain further insights on the irgtations cjose to the optimized ones computed with localisasis
between the chemical behavior and the metal cewfiere, sets (see Table 1), was used as starting confignrfir a
the present work reports a comprehensive invesigain 12 ps-long simulation at T=340 Ke. slightly above the
M(hfa),TMEDA precursors, where novel results on mQpomplex sublimation temperature (T=333 K). A tinteps
lecular and surface properties of the Zn homologust 0.121 fs was used for trajectory integrationttmén in-
Zn(hfaTMEDA, will be presented and discussed througdytia parameter of 500 atomic units (au) for thecebnic
comparison with the other complexes of the family. coefficients [28].

In particular, a joint experimental-theoretical eggch is The behavior of Zn(hfaf MEDA on the CVD growth
adopted for the Zn precursor characterization, e@®the syrface was simulated with DFT, periodic boundanyd-
behavior of the Zn complex in contact with the sokface tjons and plane waves (PW) basis sets. Under theriex
of a CVD substrate is modelled and compared with thyental conditions adopted in CVD experiments (prsmu

case of Cu(hfalMEDA [19]. Since the adopted temperayaporization temperature = 333 K,%H,0 atmosphere,
ture plays a key role in determining behavior, nbps



VoR of this paper: Phys. Status Solidi A 2014, 211: 251-259. d0i:10.1002/pssa.201330085 3

Si(100) support heated in the 523-773 K temperatureetry with the 2-fold axis bisecting the diamingalnd,
range) [11], the exposed surface is hydroxylat€d 8i2]. and a six-fold Zn coordination.

The model adopted to simulate the growth surfatkese-
fore a 1 nm thick periodically repeated slab (stmmetry:
SisdO72- 8H0) of 1.69 x 1.69 nfmarea, with a concentra-
tion of 2.8 surface silanol groups per rBuch a model,
previously adopted for the Cu homologue precurd®di,[
has also provided adequate descriptions for othdace
phenomena [33,34]. A 1.69x1.69x2.6 haimulation box
was used for the (Zn(hf)MEDA + surface) model sys-
tem, composed by 185 atoms. The starting configurat
was built by using Zn(hfafy MEDA coordinates taken
from random configurations sampled along the FPMD t
jectory of the isolated complex, and positioning frecur-
sor molecule on the model surface with a randomntai-
tion. FPMD simulations were performed with the CPMD
code [29]. Ultra-soft pseudopotentials [31] weredigor
Zn, F, O, N, C, H, whereas a norm-conserving pspodo
tential was adopted for Si [35, 36]. This electoostruc-
ture calculation scheme provides an adequate géscri
of large sized inorganic-organic systems [19, 3y A&for
the 340 K isolated precursor simulation, the PBEBsitg
functional [30] was adopted, along with the same 8w
off values and computational scheme for trajectotggra-
tion.

Data were collected from three production runs (VD1
MD2, MD3) of 20 ps each in the canonical ensempés;
formed by selecting target temperatures of 363, &00
750 K, respectively. Nose—Hoover thermostats [41] &
ps equilibration time were adopted in all simulaio

Geometry optimizations of the (Zn(hfAMEDA +
surface) system were performed on different coméigu
tions sampled along the trajectories. Among thénupéd
structures, the Ilowest energy one provided the
Zn(hfahTMEDA physisorption geometry. The compleXfigure 1 Top: Minimum energy structure of Zn(hAMEDA
surface binding energy BE was calculated by theida:  (M06/D95+* level). Bottom: enlarged view of thpseudo-

octahedral Zn coordination environment. Color codes: cyan
= m + - - '
BE = E(complex+surface) - E(complex) - E(surfa¢e) F: green, O: red, N: blue, C: grey, H: white,

where E(complex+surface) is the energy of physistrb
Zn(hfa)TMEDA, while E(complex) and E(surf) are the
energies of the isolated complex and substrate stabec-
tively, optimized in the simulation box adopted fibre

As in the homologous Co [18], Fe [14] and Cu [13]
complexes, the tw@-diketonate and diamine ligands are

S ) . bound to the metal center according to a distooetdhe-
overall system. All geometry optimizations with P¥dsis dral geometry. Bond distances and angles of the,&pO
were performed by adopting a quasi-Newton algorith : 4

[28] and a convergence criterion ofAu for the maxi- 8ordination octahedron, calculated for the isalai#n
mum force per \elltogn el u X complex at different theory levels, are reported @ble 1

P ’ . nd compared with the corresponding X-ray valuésrta

Calculations were performed at the Centro di Calco,

Scientifico of Insubria University and at the CINE@al- rom Ref. [20]. . . .
ian Supercomputing Center (Bologna) Calculated bond angles evidence modest distortimins
' up puting gna). ZnO,N, from a perfect octahedral geometry. Bond lengths
values indicate that the Zn coordination environnigmc-

3 Results and discussion tually rather symmetrical, with close values of #e-O1
3.1 Molecular properties of the precursor and Zn-02 distances and slightly longer Zn-N borfd.
3.1.1 Zn(hfa), TMEDA structure and stability the tested density functional approximations sisfcdly

The minimum energy structure of the Zn(RT&YlEDA  reproduce these general features. In particular réisults
complex, shown in Fig. 1, is characterized bf:asym- optained with a pure DFT functional and PW basis
(PBE/PW) agree to a good extent with higher leatiad



calculated with hybrid functionals and Gaussiaridasts.
Such an agreement is of relevance in view

Zn(hfa)TMEDA modelling on the growth surface, acces=

sible only through the former approach. The resuitpre-
cursor molecular properties presented hereaftdr refier
to the MO6 functional, unless otherwise stated.

Table 1 Geometrical parameters of Zn(hfBMEDA. Atom
numbering as in Fig. 1.

Table 2 Zn-L bond lengths in Zn(hfa)MEDA from FPMD.
é&fom numbering as in Fig. 1.

“distance (A)

2.15 (0.10)
Zn-01

n 2.16 (0.11)

2.16 (0.12)

Zn-02 2.15 (0.11)

N 2.27 (0.11)

2.30 (0.12)

distance MO06 B3LYP PBE PBE/PW Exp
A

Zn-01 2.07¢ 2.10¢ 2.11C 2121 2.10z
Zn-02 2.09t 2112 2.11¢ 2.122 2.12¢
Zn-N 2.159 2.283 2.220 2.233 2.145
angle (°)

01-zn-0O1 1711 170.6 171.3 171.2 173.6
02-Zn-N 178.4 176.5 176.9 176.5 174.8
01-Zn-N 92.8 93.5 93.0 93.2 89.8
93.8 93.5 93.4 93.3 94.4
01-Zn-O2 86.4 85.6 86.8 85.9 85.1
87.2 87.8 87.0 87.9 89.5

* From Ref. [20].

Beside relevant information on structure and met

ligand bonding of this precursor, computationallessalso
provide valuable insights on its stability. Thediimg ener-

gies of the TMEDA and hfa ligands in the
Zn(hfa)TMEDA complex were calculated from energ;p
differences related to the decomposition pathwa

sketched in Eq. (2) and (3), respectively.

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

In both cases, the loss of one ligand desaturbgegn
coordination sphere and, in the resulting fragmehég
metal center exhibits a tetrahedral coordinatiasd of the
diamine ligand is thermodynamically favoured beeaok
the lower TMEDA binding energy (40.8 kcal x rmlwith
respect to the hfa one (115.8 kcal x MolNevertheless,
both values are high enough to ensure a precuegmori
zation free from undesired side-reactions. Undehson-
ditions, full saturation of the Zn coordination sp& should
be maintained and detrimental gas phase precuegrad
dation processes should not be significant. Noheske

* Data calculated at the PBE/PW level. Computeddsad deviations (in
parentheses) provide an estimation of thermallasioih amplitudes.

In line with the above results, the compound sitgbil
under CVD vaporization conditions is also sugge$ted
FPMD simulation (PBE/PW level) at 340 K¢ slightly
above the experimentally adopted sublimation teatpes,
333 K [11]). As indicated by the calculated average
ligand distances and standard deviations (Tablat2340
K the Zn(hfa)JTMEDA octahedral geometry is preserved.
Moreover, all Zn-ligand bonds exhibit only modelsinga-
tions with respect to the 0 K minimum energy stioet
(Table 1) and rather small thermal fluctuations.

3.1.2 Zn(hfa),TMEDA vibrational properties The

6ﬁg(perimental and calculated IR spectra of the cermpte

superimposed in Fig. 2. Since Zn(hEWEDA spectrum
is similar to those observed for Fe, Co, Cu homaésg we
efer to such studies for a thorough interpretatioterms
f band assignment [13,14,18] and focus herein onlthe
ain vibrational features. It should be highlightedt the
alculated vibrational spectrum is obtained from thini-
mum energy structure harmonic frequencies and gdfer
an isolated precursor molecule, thus neglectirgrations
with surrounding molecules in the Zn(lfBMEDA crystal,
which, on the contrary, affect the experimentalcspan.
On this basis, agreement between the red and blaskes
in Fig. 2 can be considered satisfactory, allowtimgs the
elucidation of spectral features. For sake of glain the
relative discussion we will adopt experimental wave
numbers unless otherwise specified.

The highest wavenumber signal at 3141'camd the
3022-2813 cm multipeak pattern are due to C-H stretch-
ing modes of the hfa and TMEDA ligands, respectivel
The intense bands at 1669 and 1651 @rise from hfa
carbonyl groups, whereas hfa C=C stretching/C-Hilren
modes and TMEDA CHKHCH; deformation are associated
to the 1554-1385 cthsignals. The 1346 chpeak is as-

precursor decomposition might be triggered by higlkribed to C=C and C-GFstretching modes, whereas bands
energy activation pathways occurring upon intecactiat 1261, 1197 and 1144 ¢ntan be attributed to C-H

with the heated CVD growth surface [19].

bending and C-C¥C-F stretching. C-C / C-N stretching
bands appear at lower wavenumbers (934-110%).cRi-
nally, stretching modes related to metal-ligand dsoare
responsible for signals in the 448-584 tnange. In par-
ticular, the 584 cim band arises solely from Zn-O stretch-
ing, while the 494 cfh peak should essentially be attribut-
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ed to the Zn-N one. Interestingly, vibrational as#& indi- M-L bond lengths within the M(hfay MEDA series. As
cates that the other bands in such interval ars®m £om- observed in Table 3, both Fe and Cu complexes sigw
binations of the Zn-0O1, Zn-O2 and Zn-N stretchingdes, nificant distortions from an ideal octahedron. Hoem®
involving the whole Zn coordination environment. eThwhereas the apical Fe-O1 distances are shorter ttiean
presence of such collective metal-ligand vibratianses equatorial Fe-O2 bonds, the Cu-O1 distances arehmuc
from the absence of remarkable asymmetries in tlomger than the Cu-O2 ones. This difference inrtietal-
ZnOyN, metal-ligand bond distances, as discussed in segygen bond lengths on apical and equatorial mstior
tion 3.1.1. Fe and Cu precursors is related to diantirams effects
and Jahn-Teller distortion, respectively [13, 16h the
other hand, the Co and Zn precursor geometrieshameac-
— experimental terized by similar M-O1 and M-O2 distances andhglig
— calculated larger M-N separation, and, hence, by more regutaiN,
geometries. Along this series of precursors, thertebt
and longest M-N bonds are found, respectivelyhm €Cu
and Fe complex, whereas Cu(hT@lEDA contains simul-
taneously the shortest and longest M-O distanagsh 8a-
ta are also in line with the trends of the caledat1-O and
M-N stretching frequencies along the M(BEBYIEDA se-
At ries (Table 4). As an example, the highest and $ow-

Intensity (arb. units)

I

400 800 ‘1200 1600 2000 2400 2800 3200 N) are found for the Cu and Fe homologues, resyadyti

In general, these precursors present complex rigéale
vibrational modes, characterized by different M-G\M
Figure 2 Comparison of experimental and calculated IR specStretching combinations. Nevertheless, only inchse of

of Zn(hfa)TMEDA. A 2 cni' Gaussian broadening and a 0.9¥he most symmetric compound Zn(hfBMEDA such
scaling factor was applied to calculated wavenusiber combinations involve the whole coordination envireant

and can be considered collective modes of the,XKp©Oc-

3.1.3 General features of M(hfa),TMEDA pre- tahedron.
cursors Besides relevant insight on Zn(hfBMEDA _ . o
properties, the above presented results, upon aisopa Table 4 Calculated metal-ligand stretching frequencies in
with those obtained for the Fe, Co and Cu homolegud!(fal.TMEDA (M = Fe, Co, Cu, Zn).
could help elucidating general aspects of the cegyof - (cnth) = Co cu n
this series of CVD precursors. Indeed, a deepeecuddr-
level understanding of M(hff)MEDA chemical behavior  m-0 499 534 475 497 374-380 464

1
wavenumbers (cm )

could be gathered from the analysis of similarities dif- 584-600  590-598  58t-601  588-596
ferences in precursor properties as a functiornefretal ;. om-Nn 473 498 479 496 465 500 472 481
center (Table 3). 509

M-N 461 490 468 502 514 503

Table 3 Spin multiplicity, metal-ligand bond lengths (Apch * Frequency values (not scaled) calculated at t6/95+* level.
molecular dipole moments(D) in M(hfa),TMEDA (M = Fe, Co, ™ From Ref. [14]

Cu, Zn).
: Besides analogies in structural and spectroscapig-p
' Fe’ Co Cu Zn erties, M(hfa)TMEDA complexes also show similar elec-
spir quinte quarte double single trostatic potential maps with negative and positiegions
M-O1 2041 2 050 2 287 2079 assomate(_:i to the hfa and TMEDA ligands respectjvas
M-02 2001 2 066 197, 2 00 clearly evidenced in Fig. 3 for thg Zn complex. Ason-
M-N 2230 5178 5 062 5159  Sequence, they are all characﬁenz_ed py high vadfieke
molecular dipole moment, which is oriented along &
K 7.62 /.38 8.99 8.14 fold axis bisecting the diamine ligand. An inspentbf di-
* All data are calculated at the MO6/D95+* level. pole moments and M-N bond lengths/stretching fraque
** From Ref. [14]. cies (Tables 3-4) reveals an increase of dipole emis

proportionally to M-N bond strength. This phenomeno
First, the four M(hfagTMEDA precursors here consid-can be rationalized by considering that, since TMEgts
ered have different spin states, and, as a consegumay as an electron donor towards the metal centerteshioi-N
show appreciably different behavior both in the ghase distances imply a higher ligand charge depletiondpc-
and under CVD conditions [13, 15, 18]. ing, in turn, a higher dipole moment.
Since metal-ligand bonds strongly affect precurser
activity, valuable insight could be obtained by garing



growth surface, should be necessary to cleave +hgaald
Y\ bonds.
| \ In this context, it is worth recalling that watartaas a

catalyst for precursor decomposition both in the ghase
and on the substrate surface, where water molearkes
dissociatively chemisorbed forming surface silagaups

that favor the precursor's anchoring. Water effagtye

‘f not considered in the homogeneous gas phase daosla
O

’ 9
Jf on M(hfa)TMEDA, which were designed to provide a hint
» x(’ on the precursors’ thermal behaviour. Conversalgrder
, 9 to gather a proper description of the heterogenpbiase
- \

processes, in the precursor/substrate system wedisr
modelled as already chemisorbed on the growth ceirfa

Figure 3 Electrostatic potential map of the Zn(hByIEDA the form of silanol groups.
complex. Areas of high (positive) potential (in ®juare charac-
terized by a relative absence of electrons, wheaeeas of low
(negative) potential (in red) are characterizecablative abun-
dance of electrons. Intermediary colors represaterinediary
electrostatic potential values. Zn(hfBMEDA atom color codes
as in Fig.1.

This analysis of M(hfgl MEDA precursor family in-
dicates that, whereas the Cu complex shows thedarg
asymmetry in M—O distances, the Zn one is charae@r |
by the most symmetric coordination environment. I5u
structural differences, accompanied by the cornedipg
differences in vibrational and charge distributfpoperties,
could have relevant consequences on the precweaotiv-

ity. Indeed, in the case of Cu(M@MEDA, the interac- Figure 4 Graphical representation of the minimum energycstr

tions of O2 with the metal centre are much Stror@en- e of the zn(hfa MEDA/hydroxylated silica slab system. Slab
pared to O1, suggesting an easier cleavage ofalter | color codes: Si: brown, O: red, H: white. Zn(hEYEDA atom
bond and therefore an easier loss of the hfa ligeitlure- color codes as in Fig.1.

spect to the TMEDA one. This was actually obseried
the precursor gas phase Mass Spectrometry (MShirag The minimum  energy  structure of the
tation [13, 17]. Moreover, the presence of a weak(C (zn(hfa),TMEDA+surface) system, shown in Figure 4,
contact in the complex appreciably affected alssitrface closely resembles the physisorption geometry catedl
behavior, characterized by large temperature-indidice- for the Cu homologous [19]. In fact, the molecuein
tuations of this labile M-L bond [19]. For thesesens, it contact with the surface silanol oxygens througk th
is of utmost importance to investigate Zn(FTAIEDA on  TMEDA methyl and methylene groups, whereas hfa CF
the heated CVD growth substrate and compare tHfacgur moieties point away from the surface. Such an gearent
behavior of these two complexes. can be understood on the basis of the Zn{fifdEDA
electrostatic potential map (Figure 3): the moleciniter-
3.2 Zn(hfa),TMEDA behavior on the CVD acts with surface oxygensa its most electron-poor re-
growth surface As mentioned in the Introduction, due t@jions. Bond distances of the adsorbed Zn compleorted
the fully saturated environment of the metal ceriter in Table 5 evidence that, when in contact with ¢heface,
M(hfa),TMEDA, it is difficult to figure out possible reac-the C, symmetry characterizing the gas-phase molecular
tive pathways for such complexes on the growthaserf geometry is no longer preserved. In particular, mgnthe
The first ligand loss should, however, represekéyastep zn-O1, Zn-02, Zn-N pairs, the bond closer to thefaae
in the precursor decomposition, since the cooritinat is also the one showing the larger deviations wépect
sphere desaturation may allow the metal centr@meecin- to the gas-phase minimum energy structure (seeTalbte
to direct contact with the substrate surface atdrhe. high 1). These findings, well in line with previous orfes the
binding energies calculated for hfa and TMEDA lidain  Cu precursor [19], confirm that complex-surfaceeiat-
the isolated Zn(hfgf MEDA molecule (see section 3.1.1)ions distort the metal coordination environmenie in
highlight a considerable thermodynamic stability tbfs  the present case, in the physisorption geometrditiance
precursor and suggest that activation processesigied of the metal center from the closest surface oxygerell
by high temperature conditions/interactions withe thabove 5 A (Table 5), still too long for a directeraction
with surface atoms. On the other hand, the caledlat
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Zn(hfa)TMEDA physisorption energy, 5.6 kcal/mol, isare transiently broken and the ligands dynamicedigr-
small enough to ensure that, under the temperatundi- range around the metal center, as illustratedguriéi 5.

tions normally used in CVD experiments, thermalvact
tion processes should occur with a high probaliity1 9].

Table 5 Average Zn-L bond lengths (A) in Zn(hJ@MEDA

* OPT MD1 MD2 MD3
T (K) 0 363 500 750
2.136  2.18 (0.17) 2.24 (0.25) 3.17 (0.99)

Zn0l 5142 2.16(0.14) 2.14 (0.12) 2.13 (0.15)
7102 2.131 2.18(0.14) 2.22 (0.22) 2.08 (0.17)
2.143  2.17(0.14) 2.20 (0.17) 2.18 (0.20)
2N 2.244  2.28(0.13) 2.32 (0.18) 2.43 (0.47)
2.203  2.29(0.13) 2.28 (0.13) 2.68 (0.85)
" Closest 5 428 5.734 7.137 6.167
Zn-Osyrt ' (3.418)  (4.972)  (4.877)

* All data are calculated at the PBE/PW level.

** For MD1,MD2,MD3, average values of the distanaezn from the
closest surface oxygen atom are reported. The vafuparentheses refer
to the minimum distance sampled along each trajgcto

These observations lead now to consider the act
behavior of Zn(hfg)TIMEDA on the CVD growth surface
and its temperature dependency. To this aim, tRED
trajectories were collected at different tempeegufTable
5). The first one (MD1) was carried out at 363il€, only
slightly above the precursor sublimation tempemi(&33
K), in order to explore molecule-surface interaasion the
absence of the harsh conditions typical of a CVIDegix
ment. The other two simulations, MD2 and MD3, we
performed at 500 K and 750 K respectively, whichrag-
imately correspond to the lower and upper limitstto
temperature interval adopted for the CVD process: H
markably, vibrationally excited rolling motion wagtect-
ed for the precursor molecule in all the consideesdper-
ature rangei.e.,, not only under standard thermal-CVvQ
operative conditions, but also at significantly Ewem-
peratures, as evidenced by the movie of the T=3681i-
lation (see Supporting information). This findingggests
that, besides playing a key role in CVD activatiomlecu-
lar rolling may be a more general phenomenon chetiae
ing molecule-surface interactions. Support to Hyigothe-
sis is also provided by recent studies [42], wiemall al-
kene molecules, stimulated either by exotermicasgrfre-
actions or by STM electron beams on Si(100), have e
denced a similar behaviour in the 298-443 K range.

By focusing now on the precursor behaviour und
CVD conditions, the perturbation of the Zn(hfd@lEDA )
molecular geometry strongly increases with tempeeat Figure 5 Three snapsho_ts tak_en from 750 K MD3 trajectory.
as clearly indicated by the obtained Zn-ligand blemgjths While the Zn(hfdTMEDA is rolling over the hot surface, an hfa
(Table 5). In addition, bond distances oscillatahserved 2Y9e (vellow), initially in the apical positiotop), is moved to
in the 750 K trajectory are even greater than thissected the equatorial position (bottom) by a partial Ilgadetachment
for the Cu homologue [19]. Even though Zn never esmggz?ézgn?égrrnZ‘?gsggies as in Fig.1. For clarte surface is
in direct contact with surface atoms, metal-ligdhwhds '
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