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Abstract: This work reports two new silver metalorganic precursors for the chemical vapor deposition of Ag metallic 

coatings. Both precursors are based on β-diketonate adducts, namely,  Ag(hfac)(L) (H-hfac= 1,1,1,5,5,5-hexafluoro-2,4-

pentanedione), where L is 1,10-phenanthroline (phen) or 2,5,8,11-tetraoxadodecane (triglyme). Using these ligands, the 

designed precursors have better solubility in alcoholic solvents and are less toxic and costly than previously reported ones. 

The new precursors have been characterized and their crystallographic structure solved. With the new triglyme precursor, 

[Ag(triglyme)2]
+[Ag(hfac)2]

- , pure metallic  Ag coatings made of Ag nanoparticles about 20 nm in diameter were succesfully 

deposited on glass and Si substrates using Aerosol Assisted Metalorganic CVD (AA-CVD).  

Introduction 

Silver is a noble metal with unique physical properties 

including high conductivity and plasmonic, anti-bacterial and 

self-cleaning effects.
1–3

 Metalorganic Chemical Vapor 

Deposition (MOCVD) is an industrially relevant technique for 

obtaining functional coatings, including Ag metallic coatings. In 

MOCVD, the process can be largely altered by the way in which 

precursors are designed and delivered. Thus, depending on 

how precursors are fed into the deposition chamber, MOCVD 

is classified into several branches: Hot Wall CVD (HW-CVD), 

Cold Wall CVD (CW-CVD), Pulsed Injection CVD (PI-CVD), 

Aerosol Assisted CVD (AA-CVD), etc.
4
 

This big family of MOCVD systems also brings new challenges 

for the design of new silver precursors. In particular, AA-CVD is 

an interesting CVD approach since it operates at ambient 

pressure. For AA-CVD,  alcohol solvents are preferred due to 

the concerns related to the use of other more hazardous 

solvents, thus precursors being soluble in alcohol solvents are 

desirable.
5,6

 In the case of the currently known silver 

metalorganic precursors, solubility in alcohols is low since 

silver complex molecules tend to polymerise when dissolved in 

the solvent. This limits the number of available silver 

precursors suitable for AA-CVD systems. AgNO3 has indeed 

been reported as precursor for Ag coatings using AA-MOCVD 

by N. Bahlawane et al. and Ponja et al.
7,8

 But given the non-

organometallic nature 

 

 
Table 1. Reported silver metal organic precursors used in metalorganic CVD. 

Metalorganic 
Precursor 

CVD 
variant 

Solvents  Deposition 
Tempera-
ture / °C 

Ref 

(hfac)Ag(BTMSA)  HW-
CVD  

none ~ 250  9 

(hfac)Ag(SEt2)  AA-CVD Toluene  n.a. 10 

[Ag(O2CC3F7)(PPh3)2]  AA-CVD THF 310  11 

Ag(fod)(PEt3 )  PI-CVD None 
(Liquid 
precursor) 

220  12  

(hfac)Ag(VTES)  CW-
CVD 

None 
(Liquid 
precursor) 

220 13 

(tfac)AgP(OEt)3 CW-
CVD 

None 
(Liquid 
precursor) 

180  14 

(C2F5COO)Ag(PMe3)  HW-
CVD 

n.a. 200  15 

Ag(hfac)(PPh3)  AA-CVD THF 310  16 

Ag(O2CtBu)(PMe3)  HW-
CVD 

n.a. 180  17 

Silver carboxylates PI-CVD Mesytilene 300 18 

 

Notes: H-hfac: 1,1,1,5,5,5-hexafluoro-2,4-pentanedione; H-tfac: 1,1,1-trifluoro-

2,4-pentanedione; Hfod: 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione 

BTMSA: bis(trimethylsiyl)acetylene; SEt2: Ethyl sulphide; VTES: vinyltriethylsilane; 

PEt3: triethylphosphine; P(OEt)3: triethylphosphite; PMe3: Trimethylphosphine; 

PPh3: Triphenylphosphine; O2CtBu: 2,2,6,6-tetramethyl-3,5-heptanedionate  

of AgNO3, the utilization of such precursor may be limited to 

some type of CVD reactors. In addition, the development of 

new organometallic Ag precursors is also interesting, for 

instance for application in ALD, where suitable Ag precursors 
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are still needed, especially for thermal ALD
19

).  As shown in 

Table 1, the different silver metalorganic precursors reported 

to date were mostly used in conventional or PI-CVD systems. 

Few examples of ALD of Ag coatings have also been reported 

previously.
20–25

 In the cases where AA-CVD was used, non-

environmentally friendly solvents, such as THF and toluene, 

were used in combination with organometallic 

precursors.
10,11,16

 Concerning the design of Ag metalorganic 

precursors, previous works have introduced different systems, 

including β-diketonate adducts Ag(hfac))(L)
26

 or Ag(fod)(L), 

where L were tertiary phosphines (PPh3), 2,5,8,11,14-

pentaoxapentadecane or bis(trimethylsilyl)-acetylene)  or 

carboxylates (Ag(O2C-L)).
9,11,15

 Apart from the low solubility of 

these precursors in alcohol solvents, other issues such as low 

volatility or the high toxicity of the ligands have been also 

reported.
14, 16, 20 

In addition, some of the ligands are rather 

expensive, contributing to a higher price of the final Ag 

precursor. Thus, new silver precursors with less toxic ligands, 

good solubility in alcohol solvents and clean rapid 

decomposition, are still needed, ideally using less expensive 

ligands.  

In this work, two new silver metalorganic precursors with 

general formula Ag(hfac)-L were designed and synthesized 

using different ligands: [Ag(hfac)(phen)] (AgP, phen=1,10-

phenanthroline) and [Ag(triglyme)2]
+
[Ag(hfac)2]

-
 (AgT, triglyme 

= 2,5,8,11-tetraoxadodecane). In addition, all the ligands 

Hhfac, triglyme and phenanthroline are not very expensive, 

thus reducing the final precursor cost. In this study we 

describe the synthesis and characterization of these new silver 

complexes and the results of their use as precursors for the 

deposition of Ag coatings via AA-CVD with alcohol solvents. 

Experimental 

Starting materials: Ag2O (99%, Strem Chemicals), H-hfac (99%, 

Strem Chemicals), triglyme (99%, Sigma Aldrich), 1,10-

phenanthroline (anhydrous 99%, Strem Chemicals), 

dichloromethane (99.8%, Sigma Aldrich), and n-pentane (99%, 

Sigma Aldrich) were used as received for the synthesis.  

Synthesis of [Ag(hfac)(phen)] (AgP): The synthesis was 

performed suspending 2.20 g of Ag2O (9.49 mmol) in 50 ml of 

dichloromethane. 2.54 g of Phenanthroline (14.14 mmol) were 

then added to the suspension. After 10 min, 2.94 g of H-hfac 

(14.14 mmol) were added to the mixture, which was refluxed 

under stirring for 1 h.  Excess silver oxide was filtered off. 

Lastly, yellow crystals were obtained after removal of the 

solvent upon evaporation. A pure crystalline solid was 

obtained after purification with small quantities of n-pentane, 

in which the adduct is insoluble, and then vacuum dried.  The 

reaction yield was 72%. The melting point of the crude product 

was 158-164 °C (dec.) (760 Torr). Elemental analysis for AgP 

(C17H9AgF6N2O2): Calc: C, 41.23; H, 1,83; N, 5,66. Found: C, 

41,35; H, 1,71; N, 5,78. 

Synthesis of [Ag(triglyme)2]
+
[Ag(hfac)2]

-
 (AgT): The synthesis 

was conducted following a similar procedure  to that used for 

AgP from Ag2O (2.20 g, 9.49 mmol), triglyme (2.528 g, 14.14 

mmol) and H-hfac (2.94 g, 14.14 mmol). Pure light yellow 

crystals were obtained after purification with n-pentane. The 

reaction yield was 82%. The melting point of the crude product 

was 62-65 °C (760 Torr). Elemental analysis for AgT  

 
Table 2. Single crystal crystallographic data and refinement parameters for AgP and 

AgT. 

(C26H38Ag2F12O12): Calc: C, 31.66; H, 3.88. Found: C, 31,52; H, 

3.76. 

XRD analyses and structure elucidation: The molecular and 

crystal structures of AgP and AgT were studied by means of 

single crystal X-ray diffraction. Measurements were carried out 

with an Oxford Diffraction Excalibur diffractometer using the 

Cu-Kα radiation (λ = 1.54184 Å) for AgP and Mo-Kα radiation (λ 

= 0.71073 Å) for AgT. Data collection and data reductions were 

performed with the program CrysAlis Pro. Finally, absorption 

correction was performed with the program ABSPACK.
27

 

Structures were  solved by using the SIR-2004 package
28

 and 

subsequently refined on the F2 values by the full-matrix least-

squares program SHELXL-2013.
29

 Geometrical calculations 

were performed by PARST97 
30

 and molecular plots were 

produced by the program Mercury (v3.7).
31

 

The crystal data and refinement parameters of the new Ag 

adducts are reported in Table 2. Single crystals of AgT were 

twinned. Two domains were taken into account during 

 AgP AgT 

Chemical formula [Ag(hfa)(phen)] [Ag(triglyme)2]
+ [Ag(hfa)2] 

Empirical formula C17H9AgF6N2O2 C26H38Ag2F12O12 

Formula weight 495.13 986.30 

Temperature (K) 100 250 

Wavelength (Å) 1.54184 0.71073 

Crystal system, 

space group 

Triclinic, P-1 Triclinic, P-1 

Unit cell 

dimensions (Å, °) 

a = 7.4309(3) b = 

9.2288(4)  

c = 13.1426(6)  

 α = 102.579(4)  

 = 105.172(4) 

γ = 103.608(4) 

a =11.4965(6) b = 12.9561(7)  

c = 13.0344(9)   

α = 96.821(5)  

 = 91.795(5) 

γ = 92.350(4) 

Volume (Å3) 807.10(6) 1924.8(2) 

Z, Dc  (mg/cm3) 2, 2.037 2, 1.702 

 (mm-1) 10.823 1.127 

F(000) 484 984 

Crystal size (mm) 0.30x0.27x0.20 0.28x0.25x0.19 

 range (°) 5.165 to 72.336 4.111 to 29.400 

Reflections 

collected / unique 

8748 / 3045 13020 / 7438 

Data / parameters 3045 / 295 7438 / 519 

Goodness-of-fit on 

F2 

1.115 1.061 

Final R indices 

[I>2(I)] 

R1 = 0.0407, wR2 

= 0.0934 

R1 = 0.0637, wR2 = 0.1714 

R indices (all data) R1 = 0.0565, wR2 

= 0.1169 

R1 = 0.0876, wR2 = 0.1942 
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refinement. The fluorine atoms bound to the carbon atom C5 

of the -hfac anion, in AgP are disordered. Such disorder was 

modelled by introducing three positions for each fluorine atom 

(refined occupancy factors: 0.44, 0.41, 0.15). In AgT all the CF3 

moieties are disordered. Such a disorder was modelled by 

introducing two positions for each fluorine atom bonded to C4, 

C5 and C10 (refined occupancy factors: 0.62/0.38 for the 

atoms bonded to C4; 0.83/0.17 for the atoms bonded to C5; 

0.76/0.34 for the atoms bonded to C10) In addition all the 

atoms of C4(F3) moiety were set in double position (refined 

occupancy factors:0.55/0.45). For all the non-hydrogen atoms 

in AgP and AgT, anisotropic thermal parameters were used. 

For the hydrogen atoms in AgP, they were found in the Fourier 

difference map and their positions were freely refined, while 

their thermal parameters were refined accordingly to the 

bound atoms. The hydrogen atoms in AgT were introduced in 

calculated position and refined in agreement with the carbon 

atom to which they are bound.  

Characterization of Ag precursors:  Elemental microanalysis 

were performed using a Carlo Erba 1106 elemental analyser. 

Fourier Transform Infrared Spectroscopy (FT-IR) was done 

using a Jasco FT/IR-430 spectrometer with nujol mulls between 

NaCl plates. 
1
H NMR (400.13 MHz) and 

13
C NMR (100.61 MHz) 

were acquired on a Bruker Avance
TM

 400 spectrometer. 

Chemical shifts (δ) are expressed in parts per million (ppm). 

Spectra were referenced to the residual proton solvent peaks; 

coupling constant (J) values are given in Hz. Thermogravimetric 

analyses were made using a Mettler Toledo TGA/SDTA 851e. 

Dynamic thermal analyses were carried out under purified 

nitrogen flow (30 sccm) at atmospheric pressure with a 5 

°C/min heating rate. Weights of the samples were between 10-

15 mg. Melting points were taken on very small single crystals 

using a Kofler hot-stage microscope. 

Deposition parameters: The depositions of Ag coatings were 

conducted in a home-made AA-CVD system at 320 °C, using 

ethanol as solvent with a concentration of 0.01 M. 2 L/min and 

5 L/min of N2 were used as carrier gas and accelerating gas, 

respectively. The solution consumption rate was fixed at 

around 1.4 ml/min and deposition duration was between 30 to 

90 min, glass (Corning Glass) and Si wafers were used as 

substrate. The detailed parameters are shown in Table 3.  

Characterization of the Ag coatings: the Ag coatings were 

analysed using a Scanning Electron Microscope (SEM-FEG 

Environmental FEI QUANTA 250). Particle diameter 

distribution was calculated from SEM images using , the Image 

J software. 
32

 The Ag coating were scratched for further 

characterization with Transmission Electron Microscopy (TEM-

JEM2010-JEOL). Carbon residues were analysed with RAMAN 

Spectroscopy (Jobin Yvon/Horiba LabRam) equipped with a 

liquid nitrogen cooled charge coupled device detector.  

Table 3. Deposition parameters of Ag coatings in Aerosol CVD 

 

Sample 

names 

Precursor used Deposition Duration 

(h) 

P1 [Ag(hfac)(phen)] 

(AgP) 

0.5 

P2 1.5 

T1 [Ag(triglyme)2 

[Ag(hfac)2]
-
 (AgT) 

0.5 

T2 1.5 

A 488 nm wavelength Ar
+
 ion laser beam was used with 300 s 

acquisition duration by 2 cycles. Grazing Incidence (0.35°) X-

Ray Diffraction (GI-XRD, Bruker D8) was performed using  Cu 

Kɑ radiation (40 kV, 40 mA) , with 2θ angle ranging from 30° to 

80° with a step size 0.06° and acquisition time 33 s/step. 

Results and discussion  

Precursor synthesis, structure and properties 

The synthesis of AgP and AgT adducts was carried out through 

a single step reaction, from silver (I) oxide, hexafluoro-

acetylacetone and the neutral ligands, phenanthroline or 

triglyme, in dichloromethane, as described above and shown 

in Equations (1) and (2). 

 

Ag2O + 2H-hfac + 2 phen --> 2 Ag(hfac)phen + H2O         (1) 

 

Ag2O + 2H-hfac + 2triglyme --> [Ag(triglyme)2]
+
[Ag(hfac)2]

-
  

+ H2O                                                                                         (2) 

In both cases, the synthesis was reproducible and yielded an 

anhydrous product. Adducts were soluble in dichloromethane 

and could be isolated as yellow crystalline powders by removal 

of the solvent. The silver precursors were characterized by FT-

IR spectroscopy in the wave number range of 4000-500 cm
-1

. 

The results for AgP and AgT are shown in Fig. 1 a) and b) 

respectively. In both cases, the FT-IR spectra do not show 

bands in the 3300–3600 cm
-1

 interval, which indicates the 

absence of water coordinated to the silver cation. Peaks at 

2923, 1461, and 1375 cm
-1

 are associated with the nujol used 

to prepare the mull. In both silver complexes, the β-diketonate 

ligand can be evidenced by the presence of the C=O stretching 

at 1658 cm
-1

,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. FT-IR spectra of AgP (a) and AgT (b) in nujol. 
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Table 4. 1H  and 13C  NMR of AgP and AgT. 

 1H NMR  13C NMR 

complex -CO-CH-CO Phen*  -CO-CH-CO -CO-CH-CO -CF3 Phen* 

        

AgP 5.79 (s, 1H) a 9.04 (s, 

2H),  

b 7.79 (m, 

2H), 

 c 8.40  

(dd, 2H) 

e 7.89  

(d, 2H) 

 86.38 (s) 176.91 

(q, 2J=32Hz) 

117.63(q, 
1J=288 Hz) 

a 150.99,  

b, 124.40, 

c 137.81,  

d 128.94, 

e 126.89, 

f 142.13 

 1H NMR  13C NMR 

complex -CO-CH-CO polyether
†
  -CO-CH-CO -CO-CH-CO -CF3 polyether

†
 

        

AgT 5.81 (s, 1H) a 3.60 (s, 

6H),  

b, c 3.62 (m, 

8H), 

 d 3.71  

(s, 4H) 

 86.12 (s) 176.84 

(q, 2J=32Hz) 

117.56  

(q, 1J=289 Hz) 

a 61.21,  

b, c 70.11, 

70.58,  

d 71.42 

        
 

*The following notation has been used for phenanthroline. 
 

 

†
The following notation has been used for triglyme.  (CH3-O-CH2-CH2-O-CH2)2.  

                                                  a          b     c           d     

 

while the C=C stretching vibration is associated with the 

absorptions at 1500-1550 cm
-1

. In addition, the bands present 

in the interval 1050-1400 cm
-1

 can be attributed to typical C-F 

vibrations of the -hfac ligand present in both adducts. For AgP, 

the bands observed in the 700–1100 cm
-1

 range are considered 

fingerprints of the phenanthroline coordination to silver ion. In 

AgT, the broad band observed in the 1000-1300 cm
-1

 range 

might be associated with absorptions from polyether C-O 

bending and/or stretching overlapped with the C-F stretching 

of the β-diketonate. Furthermore, bands at 700-1100 cm
-1

 are 

related with glyme modes. The C-H glyme stretching modes, 

lying in the 2800-3000 cm
-1

 range, overlap with nujol features.  
1
H and 

13
C NMR of AgP and AgT were recorded in CDCl3 (Table 

4). The 
1
H NMR spectrum of AgP (Fig. S1) has been attributed 

in accordance to the assignments of references 
33,34

. The 

spectrum shows a singlet (5.79 ) associated with the ring 

proton of the hfa ligand, while the phenanthroline shows 

peaks in the typical range of aromatic ligand from 7.6 to 9.1 . 

The a protons are observed as a singlet at 9.04 , the b proton 

as a multiplet at  7.79  , the c protons as a doublet of doublets 

at 8.40  and, finally, the e protons as a doublet at 7.89 . The 

phen peaks have been assigned following the notation 

reported as a note in table 4. The 1:1 (hfa:phen) ratio (Fig. S1) 

found through evaluation of intensities of pertinent 

resonances finds counterpart in the ratio obtained through 

single crystal X-ray diffraction. The 
13

C NMR spectrum  of AgP 

(Fig. S2) shows resonances associated with the coordinated hfa 

ligand, which consist of a  singlet ( 86) for the CH group, 

quartets ( 118) for the CF3 groups and quartets ( 177) for 

the CO groups. The quartets are due to first order (CF3; 
1
J = 288 
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Hz) and second order (CO; 
2
J = 32 Hz) coupling with the CF3 

fluorine atoms. The coordinated phenanthroline signals are 

observed in the range of 127-152 . Assignments are reported 

in the table 4 together with the notation used for 

phenanthroline. 

The 
1
H NMR spectrum of AgT (Table 4) can be assigned using 

comparative arguments with data from the related lanthanum 

complex.
31

 The spectrum (Fig. S3) shows a singlet at 5.81  

associated with the ring proton of the hfa ligand. Different 

resonances are associated with the triglyme framework. The 

methyl groups (a protons) are always observed as a singlet at  

= 3.60. The b and c protons are observed as a multiplet 

centered at  = 3.62. The protons d are associated with a 

singlet at  = 3.71. Evaluation of intensities of pertinent 

resonances points to a 1:1 (hfa: triglyme) ratio in accordance 

with single crystal X-ray diffraction. 

The 
13

C NMR spectrum of AgT (Fig. S4) is similar to that found 

for the AgP adduct in regard to the hfa ligand. Resonances 

associated with the coordinated hfa ligand consist of a singlet (

 86) for the CH group, a quartet ( 117) for the CF3 groups 

and a quartet ( 177) for the CO groups. The quartets are due 

to first order (CF3; 
1
J = 289 Hz) and second order (CO; 

2
J = 32 

Hz) coupling with the CF3 fluorine atoms. The coordinated 

triglyme signals are observed at  61.21 (s, OCH3, a),  70.11 (s, 

OCH2, b),  70.58 (s, OCH2, c) and  71.42 (s, OCH2, d). 
Table 5. Selected bond distances (Å) and bond angles (°) for AgP and AgT. 

 

The solid state molecular structure of AgP was determined by 

single crystal X-ray diffraction and consists of dimers made up 

of two silver complexes related by an inversion centre (-x+1, -

y, -z+2), shown in Fig. 2 a). In each complex the silver ion is 

bound to the oxygen and nitrogen atoms provided by the -hfac 

and -phen ligands, respectively. The coordination sphere is a 

slightly distorted square planar (as provided by the angle 

between the AgO2 and AgN2 planes, 7.2(2)°, and the small 

displacement of the silver ion with respect to the four donor 

atoms, 0.1110(5) Å). Even if quite uncommon
35

 this kind of 

geometry has been observed in similar Ag(I) complexes.
2,33

 

Bond distances and angles are within the expected range for 

this kind of compounds (Table 5).
36

 Additionally, as already 

found in other [Ag(hfac)-L] complexes
37,21

 the Ag-O bond 

distances are significantly different, Ag(1)-O(1) = 2.276(5) vs 

Ag(1)-O(2) = 2.439(3). 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AgP Bond Angles (°)  

N(1)-Ag-N(2) 71.4(2) 

Bond distances (Å)  O(1)-Ag-O(2) 79.4(1) 

Ag-N(1) 2.369(6) N(1)-Ag-O(1) 165.4(2) 

Ag-N(2) 2.327(4) N(2)-Ag-O(2) 158.8(1) 

Ag-O(1) 2.276(5) N(1)-Ag-O(2) 87.6(2) 

Ag-O(2) 2.439(3) N(2)-Ag-O(1) 121.1(2) 

 

AgT Bond Angles (°)  

Bond Distance (Å)  O(5)-Ag(1)-O(10) 76.0(2) 

Ag(1)-O(1) 2.329(5) O(5)-Ag(1)-O(11) 95.5(2) 

Ag(1)-O(2) 2.275(5)    O(5)-Ag(1)-O(12) 85.7(2) 

Ag(1)-O(3) 2.340(5)    O(6)-Ag(1)-O(7) 64.0(2) 

Ag(1)-O(4) 2.261(4)    O(6)-Ag(1)-O(8) 125.1(2) 

Ag(2)-O(5) 2.662(6) O(6)-Ag(1)-O(9) 82.8(2) 

Ag(2)-O(6) 2.626(8) O(6)-Ag(1)-O(10) 130.0(2) 

Ag(2)-O(7) 2.618(7) O(6)-Ag(1)-O(11) 145.5(2) 

Ag(2)-O(8) 2.792(7) O(6)-Ag(1)-O(12) 84.8(3) 

Ag(2)-O(9) 2.550(6) O(7)-Ag(1)-O(8) 62.7(2) 

Ag(2)-O(10) 2.661(7) O(7)-Ag(1)-O(9) 81.0(2) 

Ag(2)-O(11) 2.568(8) O(7)-Ag(1)-O(10) 138.4(2) 

Ag(2)-O(12) 2.559(8) O(7)-Ag(1)-O(11) 133.7(2) 

Bond Angles (°)  O(7)-Ag(1)-O(12) 96.8(2) 

O(1)-Ag(1)-O(2) 79.8(2) O(8)-Ag(1)-O(9) 100.9(2) 

O(1)-Ag(1)-O(3) 111.1(2) O(8)-Ag(1)-O(10) 99.1(2) 

O(1)-Ag(1)-O(4) 127.3(2) O(8)-Ag(1)-O(11) 74.0(2) 

O(2)-Ag(1)-O(3) 125.6(2) O(8)-Ag(1)-O(12) 89.1(1) 

O(2)-Ag(1)-O(4) 135.7(2) O(9)-Ag(1)-O(10) 65.4(2) 

O(3)-Ag(1)-O(4) 81.0(2) O(9)-Ag(1)-O(11) 124.9(2) 

O(5)-Ag(1)-O(6) 63.6(2) O(9)-Ag(1)-O(12) 167.1(3) 

O(5)-Ag(1)-O(7) 127.0(2) O(10)-Ag(1)-O(11) 61.7(2) 

O(5)-Ag(1)-O(8) 169.5(2) O(10)-Ag(1)-O(12) 121.3(2) 

O(5)-Ag(1)-O(9) 85.6(2) O(11)-Ag(1)-O(12) 65.5(3) 
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Figure 2. a) Ellipsoid representation of the dimer found in the solid state 
structure of AgP (hydrogen atoms have been omitted for sake of clarity, for the 

same reason just one model of the disordered CF3 moiety was shown).  b) along 
the b axis direction showing the intra- and inter-dimer π-stacking interactions.  
Hydrogen atoms were omitted (top); c) along the a axis direction showing the 
CH...O intermolecular interactions. For the sake of clarity just one model of the -
hfac fluorine atoms bound to C5. 

The distance separating the two metal centres (3.0843(7) Å) is 

definitely longer than the silver-silver one in the metal (2.888 

Å).
38

 As a consequence, the two metal ions are not interacting 

significantly.
21,39

 However, given the fact that there are no 

bridging ligands holding together the dimer, a weak stabilizing 

interaction between the metal ions might be postulated.
40

 In 

addition, intra-dimer π stacking appeared between the -hfac 

and -phen rings (the distances separating the centroids (CT)
†
 is  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. View of the [Ag(triglyme)2]+ cation and  [Ag(hfac)2]- anion  in AgT (ellipsoids are drawn at 30% probability). For the sake of clarity, just one model of all the -
hfac fluorine atoms (which were disordered and refined isotropically) is shown. For the same reason the hydrogen atoms are not shown in the image. 

3.60(1)Å) and the angle between the CT- CT line  and the mean 

phen plane is 71.2(2)°. Centroid of the hfa ring as defined by 

O(1)C(2)C(1)C(3)O(2), centroid of the central ring of phen as 

defined by C(9)C(10)C(11)C(12)C(16)C(17)). 

Finally, the dimers stack along the a axis in a head-to-tail 

arrangement (Fig. 2 b), which brings the carbon atom C(10) of 

a symmetry related (-x, -y, 2-z) phen molecule 3.350(8) Å apart 

from the silver ion, with a distance less than the sum of the 

Van der Waals radii (3.81 Å)
41

. In addition, inter-dimer π 

stacking interactions involving the phen molecules  provided 

by two contiguous dimers are present (the mean phen planes 

are 3.5 Å apart). Finally, dimers propagates along the b axis 

(Fig. 2 c) through a weak C(7)H(7)...O(1)' intermolecular 

interaction (' =x,1+y,z; D...A and H...A distances 3.628(6) and 

2.75(6) Å, respectively, DHA angle 161(6)°). 

The solid state structure of compound AgT was also 

determined by means of single crystal X-ray diffraction. In the 

asymmetric unit of AgT one [Ag(triglyme)2]
+
 cation and one 

[Ag(hfac)2]
-
 anion are present (Fig. 3). In the two ions, the 

silver atom shows different coordination spheres. In fact, in 

the [Ag(triglyme)2]
+
 cation, the silver atom Ag(2) is surrounded 

by two triglyme molecules and bound to all the eight oxygen 

atoms that those ligands provide. It is worth noting that, 

although one Ag-O distance [i.e. Ag(1)-O(8)] is longer than the 

others (see Table 5), it is inside the Ag-O range as retrieved in 

the Cambridge Structural Database (CSD v. 5.37).
41

 The two 

triglyme molecules are almost perpendicular to each other, 

the angle between the mean planes defined by the non-

hydrogen atoms of the two molecules being 85.4(1)°. Finally 

the resulting coordination polyhedron could be described as a 

distorted dodecahedron. 

Concerning the [Ag(hfac)2]
-
 anion, the silver atom Ag(1) is four-

coordinated by the oxygen atoms of two -hfac anions in a 

resulting pseudo-tetrahedral arrangement. This coordination 

arrangement resembles well that already found in a similar 

silver complex [[Ag(hmten)][Ag(hfac)2]; hmten = hexamethyl-

triethylene tetra-amine].
41

 The two -hfac anions lay in two 

planes nearly perpendicular to each other (the angle between 

the two mean planes defined by O(1), O(2), C(1), C(2), C(3) and 

O(3), O(4), C(6), C(7), C(8) is 84.8(2)°). Finally, no relevant 

intermolecular interactions are present in the crystal packing 

of AgT.  

The thermal characteristics of the present adducts were 

evaluated by Thermogravimetric Analysis (TGA). The TGA 

profile of AgP (Fig. 4 a) presents a two-step weight loss (as 

clearly shown in the derivative curve), in the range 190-230 °C 

and 230- 280 °C, respectively, with a residue of 37% up to 400 

°C. This value does not match the stoichiometric Ag weight % 

in the precursor, namely, 21.8%. 
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Figure 4. Thermogravimetric Analysis (TGA) and its derivative curves (DTG) of 
precursors, between 30 °C and 400 °C, of a) AgP and b) AgT. 

Thus it can be concluded that the precursor does not present a 

clean decomposition, with some organic species still remaining 

at 400 °C. Conversely, the TGA curve related to AgT (Fig. 4 b) 

shows a single (see derivative) rapid weight loss in the range 

150-250 °C, yielding a 22.5% residue when heating to 400 °C. 

The stoichiometric Ag weight portion in the precursor being 

21.9%, the value obtained from TGA is thus well tuned with 

the expected percentage of metallic silver in the compound, 

implying a clean and complete decomposition of the 

precursor. By comparing the TGA results for those two 

precursors, AgT appears as a better silver metalorganic 

precursor. 

 

Silver coatings by MOCVD and characterizations 

To test the two silver precursors, depositions at 320 °C for 

different durations were carried out in a homemade Aerosol 

Assisted CVD system, as detailed above in Table 3. Both 

precursors were carefully grinded before being dissolved in 

ethanol, reaching 10 mM concentration at room temperature.  

Comparing the results of depositions using the different 

precursors, AgT showed higher deposition efficiency than AgP 

(see SEM images in Fig. 5). For a deposition duration of 0.5 h, 

AgP yielded a yellow coating while AgT gave an orange colour 

with a higher particle density (Fig. 5 a) and c)).  Increasing the 

deposition duration to 1.5 h, coatings from AgP and AgT both 

presented purple colour coatings but the grain density for the 

latter was still higher than for the former (Fig. 5 b) and d)). For 

the deposition conditions used, the particles in the coating are 

not connected and thus the samples present high resistance 

values, namely a sheet resistance of 5 x 10
8
 Ω/cm

2
 measured 

by 4 probes. As well, the adhesion between the Ag coating and 

glass substrate is poor and the films can be easily removed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Scanning Electron Microscopy images of silver coatings deposited at 
320 °C by AA-CVD using: AgP precursor with deposition duration a) 0.5 h (P1); b) 
1.5 hrs (P2); and AgT precursor with deposition duration c) 0.5 h (T1); d) 1.5 hrs 
(T2). Scale bars in figures are 500 nm. 

 

 

 

 

 

 

 

Figure 6. Size distribution of Ag nanoparticles deposited from: P1 (a) and T1 (b). 
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Figure 7. Transmission Electron Microscopy images and electron diffractions for 
Ag particles deposited using AgP (P2), a), c), e) and AgT (T2), b), d), f). 

By analysing the different particle diameters, a narrower size 

distribution of Ag grains from P1 is revealed from comparing 

Fig. 6 a) and b). The size of grains from P1 is mainly located 

around 19 nm, while particles obtained from T1 range broadly 

distributed from 10 nm to 22 nm. Such a different size 

distribution can be related to the thin carbon layer.  

As shown in Fig. 7 a) and b), the coatings obtained with both 

precursors present well crystallized Ag nanoparticles, but from 

the sample deposited with AgP (P2), a thin shell surrounding 

the Ag nanoparticles was observed. Also, as already hinted by 

TEM images (Fig. 7 c) and d)), Ag nanoparticles obtained from 

AgP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Characterization of silver coatings deposited with the different 
precursors. a) RAMAN spectroscopy for carbon residues detection; b) 
Normalized GI-XRD patterns of silver coatings deposited on glass substrate.  

gave more regular round shapes than those obtained from AgT 

(T2), which are elongated. Electron diffraction patterns of the 

different particles show diffraction rings which only 

correspond to metallic Ag. To further evaluate the purity and 

crystallinity of the coatings obtained from the two precursors, 

Raman spectroscopy and X-Ray Diffraction were used and the 

results are shown in Fig. 8. Fig. 8 a) shows the Raman 

spectrum obtained for silver particles deposited using AgP.   

In this case, strong peaks related to the C-OH group in the 

range 1200 cm
-1

 and 1600 cm
-1

 can be observed, in agreement 

with the presence of the carbonaceous shell observed by TEM. 

On the other hand, coatings deposited with AgT showed a flat 

band curve in this high wavenumber range. XRD patterns of 

the two different coatings are shown in Fig. 8 b). Comparing 

the XRD pattern of silver coatings from AgT (green curve) and 

from AgP (orange curve), in both cases the XRD patterns show 

the characteristic reflections of the face centered cubic Ag 

phase, confirming the formation of crystalline Ag coatings, and 

the smaller crystallite size for coatings deposited with AgP. 

The carbon contaminations found for AgP, both by Raman and 

TEM, are due to the incomplete decomposition of the 

precursor under the deposition conditions used, and are in 

agreement with the TGA results shown above. Thus, although 

AgP is able to yield Ag coatings when used as precursor in AA-

CVD, these present carbon species which are expected to 

affect the properties of the final coating (i.e. conductivity) and 

thus can be not suitable for certain applications. 

Conclusions 

In this work, two new silver metal organic precursors have 

been synthesized using less expensive and toxic ligands, 

namely,  [Ag(hfac)phen] (AgP) and [Ag(triglyme)2]
+
[Ag(hfac)2]

-
 

(AgT). FTIR spectroscopy has confirmed the formation of such 

molecular complexes. Furthermore, the crystal structures of 

both precursors were solved by means of single crystal X-ray 

diffraction. TGA analyses have shown that AgT is a precursor 

with a more rapid and clean decomposition than AgP. The new 

adducts present enough solubility in ethanol and have been 

tested in an Aerosol Assisted CVD system. Depositions by AA-

CVD revealed that the two precursors, used under similar CVD 

parameters, produced coatings with different surface 

morphologies. Coatings deposited from AgP are made of Ag 

nanoparticles presenting a carbonaceous shell. Conversely, Ag 

coatings from AgT consist of pure Ag nanoparticles and 

present high crystallinity. In conclusion, our results
 
show that 

the new AgT adduct is a good precursor for depositing metallic 

Ag coatings via AA-CVD using alcohol solvents.  
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