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Synthesis and Characterisation of Some New Zinc Carbamate Complexes
Formed by CO, Fixation and Their Use as Precursors for ZnO Particles under
Mild Conditions
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Herein we report on CO, fixation by insertion into the Zn-
N bonds of the two molecular compounds EtZnN(iPr), and
EtZnN(iBu),. The tetrameric carbamate complexes [EtZn-
(O2CNRy)]4 (R = iPr and iBu) were found to be the products
of these reactions. The structures of the complexes were es-
tablished by single-crystal X-ray diffraction. Thermal decom-
position of the carbamate complexes was studied by apply-

ing a variety of different analytical techniques. These studies
show that the compounds are suitable precursors for nano-
sized ZnO particles of ca. 10 nm diameter synthesised under
mild conditions (< 200 °C) with the oxygen atoms originating
from the reactant CO,.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

From the possible routes to zinc carbamate complexes,
which have been reported in the past, the following three
involve direct reactions with CO,: (i) electrochemical oxi-
dation of anodic zinc in the presence of a nitrogen base
and CO,, (ii) autoclave reaction between Zn powder and a
secondary amine at high temperatures and CO, pressures,
and (iii) reactions of ZnX, (X = halogen or alkyl) with a
secondary amine and CO,. While Zn is oxidised in the first
two routes from Zn® to Zn'!, the third route already starts
with a Zn' compound. An example for the first route
(which is relatively uncommon) is provided by the forma-
tion of the carbamate complex 1 (see Scheme 1).I'l Interest-
ingly, this example features a p'-coordinated carbamato li-
gand while the other examples shown here feature predomi-
nantly p2-coordinated carbamato ligands. The direct use of
the liquid 1:1 adduct of HNMe, and CO,, which can be
formulated as a dimethylammonium carbamate salt
[NH,Me,][O,CNMe,]?! in the electrolysis in acetonitrile,
leads to [NH->Me,][Zn,(O,CNMe,)s] with three bridging
and two terminal carbamato units.’l An example for the
second route is the autoclave reaction between zinc powder
and HNEt, at 150 °C and 50 atm of CO, in toluene.
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[Zn4O(0O>CNEt,)e] (2; Scheme 1) featuring a p*-coordinated
O atom in the centre is the characterised product of this
reaction. It has been claimed that the oxygen atom stems
from deoxygenation of the CO, (the redox reaction thus
comprising reduction of the C atoms and oxidation of Zn).
Complexes of the formula [ZnsO(O,CR)¢] (R = diethyl-
amino, piperidino, and pyrrolidino) are also accessible
using standard Schlenk techniques, e.g. by addition of H,O
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to a mixture of dialkylzinc and the secondary amine (in a
twofold excess) into which CO, had been introduced.l>
[Zn4,O(O,CNMe,)¢] has been prepared (also by standard
Schlenk techniques) by reaction between ZnO in acetoni-
trile and [NH,Me,][O,CNMe,] under CO,,"-8 and
[Zn4O(0O,CNBu,)¢] by reaction between ZnSO,, [NH,Bu,]-
[0,CNBu,] and H,O.1 The third route leads to complexes
in which carbamato ligands replace some of the X (halogen
or alkyl) ligands of ZnX,; e.g. the tetranuclear complex
Zn,Me,(O,CNE,)(' was isolated as product of reaction
between ZnMe,, HNEt, and CO,. Zn;Me,(O,CNEt,)qs has
been shown to react further with ZnMe, to give [MeZn-
(O,CNEt,)[,.'!] Other complexes of the general formula
[MeZn(O,CNR»)]4 (R = iPr and iBu) were synthesized di-
rectly from ZnMe,, the corresponding secondary amine and
CO,.["?1 From these examples it can already be concluded
that slight modifications could lead to different products
indicating that the carbamato ligands could easily be re-
placed by other ligands and that the complex sizes could
vary.

Despite the richness of different carbamate complexes
which have been isolated, surprisingly little is known about
their reactivity. Four examples are as follows: (i) Complexes
of the formula [RZn(O,CNR»)]; were treated with pyridine
(py) leading to decomposition of the tetrameric complex to
give dimeric complexes of the formula [R(py)Zn(O--
CNR,)],.["? (ii) [OZn4(O,CNR )]s complexes are amenable
to transamination,® leading effectively to an exchange of
the R groups. (iii) The CO, units in [OZn4(O,CNR»)¢] com-
plexes can also be replaced, as shown by experiments with
13C-enriched CO,;[ this reaction shows that the bonding
situation in these carbamate complexes is reminiscent of the
bonding situation in enzymes featuring carbamate units and
also in other transition metal carbamate complexes. (iv) As
already mentioned, [ZnsMe,(O,CNEt,)s] has been shown
to react with ZnMe, to give [MeZn(O,CNE,)],[''1 and with
TMEDA (tetramethylethylenediamine) to give the mono-
nuclear bis(carbamate) complex [(Et,NCO,),Zn-
(TMEDA)].['3

Herein we report on the synthesis and characterisation
of some new zinc carbamates which were synthesised in
high yields according to the third route in Scheme 2. In ad-
dition to the experiments, quantum chemical calculations
were carried out, the results of which have shed further light
on some of the structures and reactions. These calculations
build upon the detailed analysis of possible mechanisms
published previously.l'¥ Furthermore, we analysed the de-
composition of the carbamate complexes. Applying various
techniques, we show that the complexes decompose below
200 °C to give ZnO nanoparticles which might find applica-
tion in catalysis or for optoelectronic devices. An analysis
of the powder diffraction data and BET and TEM measure-
ments show that all ZnO particles have about the same size
of ca. 10 nm. The decomposition temperature is similar to
that observed for [MeZnOR], (R = ¢Bu or iPr) complexes
which have been recently shown to be valuable precursors
to catalytically active ZnO.I'! In addition to its catalytic
properties, ZnO can be used for a variety of applications
3178
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including optoelectronics in the blue and ultraviolet (UV)
spectroscopic region (e.g. light-emitting diodes, laser diodes
and UV detectors) and as gas sensors, surface acoustic wave
devices, varistors, piezoelectric transductors or window ma-
terial for displays and solar cells.!'®]

ZnEt; + HNR, — > 1/n[EtZnNRy], + EtH

1/n [EfZnNRy], + n CO, —— 1/m [EtZNO,CNRy],

R =iPr, iBu

Scheme 2.

Results and Discussion

A toluene solution containing equimolar quantities of di-
ethylzinc and the secondary amine HN(iPr), was stirred at
70 °C for 3h. The NMR spectrum recorded after this
period turned out to be basically a superposition of the
signals of the starting reagents ZnEt, and HN(iPr),. On the
other hand, after stirring at room temperature for 3 d, the
spectra indicated almost quantitative formation of
EtZnN(iPr), (3; see Supporting Information). Previous re-
ports show that zincation of amines in toluene is a relatively
slow reaction.!'” For example, MeZnN(H)Si(iPr); has been
synthesised by stirring H,NSi(iPr); together with ZnMe, in
toluene at room temperature for 10 h and subsequently un-
der reflux for an additional 2 h.['81 Without isolation of the
amide 3, CO, was passed at room temperature through the
reaction mixtures for 30 min. Surprisingly, the resultant car-
bamate product (vide infra) proved to be identical, irrespec-
tive of the time and temperature at which the ZnEt,/
HN(iPr), mixture had been stirred. Similar reactions were
carried out with HN(iBu),. Fixation of CO, in this case was
also possible not only after formation of EtZnN(iBu), (4)
was completed, but straight away from the ZnEt,/HN-
(iBu), reaction mixture. Most likely, CO, attacks the amine,
and the resultant species (adduct in equilibrium with the
unstable carbamic acid) reacts much faster with ZnEt, than
does the amine. We did not attempt to isolate the alkylzinc
amide, since crystal structures for related compounds such
as [EtZnNHSi(iPr);],!'*] are already known and reveal the
presence of dimeric units. In solution, dimers and mono-
mers should exist in equilibrium (vide infra). Quantum
chemical calculations [BP/SV(P)] were carried out to ana-
lyse the monomer/dimer equilibrium of 3 with some param-
eters calculated for monomeric and dimeric 3 being summa-
rised in Table 1 (see also Supporting Information). The cal-
culations suggest a dimerisation energy for 3 (see Scheme 3)
of —88 without and —79 kJmol™! including ZPE corrections.
AGP (at 1 bar, 298 K) for the (gas-phase) reaction was calcu-
lated to be not more than —2 kImol'. Therefore, one ex-
pects an equilibrium for 3. Since the solvent used in the
experiments is toluene, necessary corrections due to the sol-
vent effect are very small (probably of the same order as
the error caused by the approximations implied in models
such as COSMO).[' Quantum chemical calculations on
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the NMR shifts show that the monomer and the dimer ex-
hibit only slightly different chemical shifts (see Supporting
Information) making it difficult to distinguish between
them. Thus, according to the calculations, the C atom di-
rectly attached to the Zn atom should give rise to a signal
in the '3C NMR spectra at § = 8.0, 7.5 and 8.1 ppm for
ZnEt,, monomeric and dimeric 3, respectively (referenced
to tetramethylsilane). The experimental '*C NMR spectra
in C¢Dg show corresponding signals at 6 = 0.17 and
6.27 ppm for ZnEt, and 3, respectively.

Table 1. Some parameters (bond lengths [pm], bond angles [°]) cal-
culated [BP/SV(P)] for monomeric and dimeric 3 and 4.

3 4
Monomer Dimer Monomer Dimer
Zn-N 185.1 209.3-211.1 185.2 207.4-210.2
Zn-C 195.3 199.9/200.2 195.2 199.6/199.8
N-C 145.7/ 148.8-149.6 145.2 147.0-148.6
146.2
C-C-Zn 115.8 116.9/117.2 116.0 116.2/116.7
C-Zn-N 178.2 128.6-138.5 174.1 133.6-136.0
Zn-N-Zn 86.5 88.7/89.2
N-Zn-N 92.7/92.9 90.2/90.6
(iPr)
AN
2 EtZnN(iPr), ——2= Eth/ ZnEt
AN
N
(iPr)2
Scheme 3.

Dimeric and monomeric species should also be in equi-
librium in the case of solutions containing 4. Quantum
chemical calculations carried out for the monomer indi-
cated an interesting structural detail (see Figure 1). Thus, a
CH-++Zn contact is established exhibiting an H---Zn distance
of 233.3 pm according to BP86/SV(P) data. Additional cal-
culations at the B3LYP/TZVPP level of theory also resulted
in a similar minimum structure in which the CH-*Zn con-
tact is longer (244.4 pm) but still present (see Supporting
Information for a list of all coordinates). In the case of 4,

Figure 1. Structures calculated for monomeric and dimeric
EtZnN(iPr), (3) and EtZnN(/Bu), (4).
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dimerisation is associated with an energy change of —78
without and —71 kJmol™! with ZPE corrections, and AG®
amounts to —4 kJmol!. As anticipated, these values are
close to those calculated for 3. The position of the mono-
mer/dimer equilibrium can be shifted to the monomer side
by use of a chelating base such as TMEDA.['Yl However, in
these TMEDA-stabilised monomers the zinc atom is al-
ready fourfold coordinated so that one does not necessarily
expect the presence of additional C—H-+-Zn contacts. There-
fore, it will be difficult to study this possible contact experi-
mentally.

The '*C NMR spectra recorded upon CO, insertion very
clearly showed the presence of carbamate units. Thus, sig-
nals at 0 = 163.04 and 164.69 ppm can be assigned to the
central C atom of the carbamato ligands in §
([EtZn{O,CN(iPr),}]y) and 6 ([EtZn{O,CN(iBu),}ls),
respectively. Colourless crystals of the two carbamate com-
plexes, obtained in good yields, were grown from these solu-
tions. Compound 5 crystallises in the tetragonal space
group P4(1) and 6 crystallises in the triclinic space group
P1. In Figures 2 and 3 the structures, as determined by X-
ray diffraction, are illustrated, and Tables 2 and 3 summa-
rise some salient parameters. According to our X-ray dif-
fraction experiments, both molecules feature two Zn,O;C
rings which are linked by bridging O atoms. Thus, as antici-
pated, the structures are similar to those reported for
[MeZn{O,CN(iPr),}]s and [MeZn{O,CN(iBu),}]s.['* The
centre of inversion as the only symmetry element for crys-
tals of 6 is clearly visible in Figure 4, showing a section of
the 3D arrangement of molecules hosting the - and c-axes

Zn1

Figure 2. Structure of [EtZn{O,CN(iPr),}]4 (5) in the crystalline
phase as determined by X-ray diffraction.
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of the unit cell [a = 12.8820(16) A, b = 13.453027) A, ¢ =
18.0890(36) A] in the paper plane. The crystal structure of
[MeZn{O,CN(iBu),}]; was shown to be of much higher
symmetry (see the comparison in Table 4).l'! In agreement

Figure 3. Structure of [EtZn{O,CN(iBu),}]4 (6) in the crystalline
phase as determined by X-ray diffraction.

Table 2. Selected bond lengths [pm] and angles [°] for 5 as deter-
mined by X-ray diffraction.

with the work

in ref.

121 the formation of [Et,Zng-
{O,CN(iPr),}¢] or [Et,Zn,{O>,CN(iBu),}¢] as reported in
ref.'% for a closely related reaction was not observed.

Figure 4. Arrangement of molecules of 6 in the crystalline phase
as determined by X-ray diffraction.

Table 3. Selected bond lengths [pm] and angles [°] for 6 as deter-
mined by X-ray diffraction.

Znl-C 196.6(4) Zn2 C 1.968(4)
Znl-0l1 196.6(4) Zn2-02 196.5(3)
Znl-07 206.2(3) Zn2-05 209.9(2)
Zn1-08 208.8(3) Zn2-08 207.4(3)
Zn3-C 195.8(5) Zn4-C 196.2(4)
Zn3-03 198.5(3) Zn4-04 195.0(3)
Zn3-05 204.8(3) Zn4-06 207.1(2)
Zn3-06 206.6(2) Zn4-07 205.8(3)
01-Cl 125.6(4) 05-Cl 130.5(4)
02-C2 125.9(4) 06-C2 130.6(4)
03-C3 127.4(6) 07-C3 130.1(5)
04-C4 127.2(5) 08-C4 130.1(4)
NI1-Cl 134.4(5) N3-C3 133.0(5)
N2-C2 134.9(5) N4-C4 133.1(5)
C Zn1-0O1 124.29(17) C Zn3-03 118.2(2)

C Zn1-07 120.58(19) C Zn3-05 125.29(17)
C Znl1-08 112.79(19) C Zn3-06 112.39(19)
01-Znl-07  97.28(11) 03-Zn3-05  100.99(12)
01-Znl-08  102.41(11) 03-Zn3-06  102.80(12)
07-Znl-08  94.14(10) 05-Zn3-06  92.42(10)

C—Zn2-02 129.11(17) C—Zn4-04 124.51(16)
C—Zn2-05 108.89(18) C—Zn4-06 118.28(17)
C—Zn2-08 119.19(15) C—Zn4-07 118.85(16)

02-7Zn2-05 98.75(11) 04-7Zn4-06 100.22(13)
02-7Zn2-08 98.43(12) 04-7Zn4-07 95.94(13)
05-Zn2-08 96.26(10) 06-Zn4-07 92.47(10)

Znl1-C
Zn1-0O1
Zn1-0O7
Zn1-08
Zn3-C
Zn3-03
Zn3-05
Zn3-06
O1-Cl1
02-C2
03-C3
04-C4
NI-Cl1
N2-C2
C-Znl-0Ol1
C-Znl-07
C-Znl-08
01-Zn1-07
01-Zn1-08
07-Zn1-08
C-Zn2-02
C-Zn2-05
C-Zn2-08
02-Zn2-05
02-Zn2-08
05-Zn2-08

198.3(4)
195.6(3)
210.2(3)
209.6(3)
197.2(4)
197.9(3)
208.1(3)
207.0(3)
125.5(5)
126.8(5)
126.9(5)
125.6(5)
133.3(5)
134.1(5)
123.73(17)
116.43(16)
116.18(16)
100.47(11)
98.83(13)
96.45(11)
122.02(18)
118.96(19)
118.97(17)
97.52(11)
97.94(12)
96.04(11)

Zn2-C
Zn2-02
Zn2-05
Zn2-08
Zn4-C
Zn4-04
Zn4-06
Zn4-O7
05-Cl
06-C2
07-C3
08-C4
N3-C3
N4-C4
C-Zn3-03
C-Zn3-05
C-Zn3-06
03-Zn3-05
03-Zn3-06
05-Zn3-06
C-Zn4-04
C-Zn4-06
C-Zn4-07
04-Zn4-06
04-Zn4-07
06-Zn4-0O7

196.4(5)
199.4(3)
206.2(3)
210.6(3)
197.4(4)
197.1(3)
206.6(3)
206.9(3)
130.9(5)
130.5(5)
131.0(5)
130.1(5)
133.8(5)
134.3(5)
127.35(15)
116.96(15)
116.80(16)
97.19(12)
97.27(12)
94.85(10)
112.79(16)
126.29(17)
120.33(18)
98.53(13)
102.90(12)
91.40(11)
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Table 4. Crystal symmetries for the four carbamate complexes
[MeZn{02CN(iPr)2}]4, [Etzn{02CN(lPr)2}]4, [MCZH{OZCN-
(iBu),}]s and [EtZn{O,CN(iBu),}]s. The structural data for
[MeZn{O,CN(iPr),}]4 and [MeZn{O,CN(iBu),}]4 were taken from
ref.[12!

Complex Crystal system  Point group  Unit-cell volume [A%]
[MeZn(O,CN(iPr),)]4 tetragonal PA(1) 4510.3
[EtZn(O,CN(iPr),)4 tetragonal PA(1) 4745.3
[MeZn(O,CN(iBu),)]4 tetragonal 14_ 2655.9
[EtZn(O,CN(iBu),)]4 triclinic P1 2815.5

Quantum chemical calculations predict the (solvent-free)
reaction of CO, with monomeric 3 giving the tetrameric
carbamate product 5 as exothermic, in agreement with the
experimental results. Using BP86/SV(P), we obtained reac-
tion energies with and without ZPE corrections of —~191 and
—175 kJmol !, respectively, and a AG® value of —82 kJmol!.
The reaction proceeds rapidly at room temperature so that
the activation energy is likely to be relatively low. Indeed,
previous quantum chemical calculations by us confirmed
that the reaction starting from the monomeric amides pro-
ceeds with virtually no activation energy.['4]

If small amounts of water are added to the reaction mix-
ture, the carbamate complex [OZns{O>CN(iBu),}¢] (7) is
formed instead of 6. Figure 5 shows a LIFDI (Liquid Injec-
tion FD Ionisation) spectrum of 7 together with a simula-
tion of the isotopic structure indicating that the molecule is
stable in solution. In addition to the signal centred at m/z =
1310.5 resulting from [OZns{O,CN(iBu),}¢], a small signal
centred at m/z = 1418.5 was found. Compound 7 crystallises
in the orthorhombic space group Fdd2. A molecular C, ro-
tational axis runs through atoms N1-C1-C2-N2 (see Fig-
ure 6). The central OZny4 unit resembles the structure of so-
lid ZnO in which Zn?* cations occupy alternative tetrahe-
dral holes in an hexagonally close-packed array of O>.
The O1-Zn bond lengths of ca. 194 pm (see Table 5 for
other parameters) are very close to the Zn-O distances in
solid (wurtzite) ZnO (193 pm).['”1 In the case of [OZn,-
(acetate)q],?! absorption and emission spectra have been
measured, and they also confirm the analogy with the elec-
tronic properties of ZnO.

|l "\,

il / W
l ‘ L

1300 1310 1320

miz

Figure 5. LIFDI spectrum of 7 in solution [measured spectrum
(top) together with a simulation of the most intense isotopic peaks].
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Figure 6. Structure of [OZn4{O,CN(iBu),}¢] (7) in the crystalline
phase as determined by X-ray diffraction.

Table 5. Selected bond lengths [pm] and angles [°] for 7 as deter-
mined by X-ray diffraction.

Znl-07 193.6(2) Zn2-07 194.6(2)
Znl-Ol 194.2(2) Zn2-02 194.5(2)
Zn1-03 193.6(2) Zn2-05 193.4(2)
Znl-04 192.7(2) Zn2-06 192.2(2)
01-Cl 126.8(3) 04-C4 127.5(4)
02-C2 126.6(3) 05-C3 127.2(4)
03-C3 127.3(4) 06-C4 128.1(4)
N1-Cl 136.4(5) N3-C3 134.9(4)
N2-C2 136.1(6) N4-C4 134.2(4)
07-Znl-O1  108.89(10) 07-Zn2-02  108.58(10)
07-Znl-03  111.15@8) 07-Zn2-05  112.21(8)
07-Znl-04  113.39(8) 07-Zn2-06  112.48(7)
01-Znl-03  107.38(10) 02-Zn2-05  113.54(10)
O1-Znl-04  111.78(10) 02-Zn2-06  105.94(10)
03-Znl-04  104.04(11) 05-Zn2-06  103.93(11)
Znl-07-Znl"  113.15(14) 01-Cl-Ol'  125.7(4)
Znl-07-Zn2  108.143(14)  02-C2-02"  125.7(4)
Znl'-O7-Zn2 107.558(14)  03-C3-05 124.9(3)
Zn2-07-Zn2'  112.37(14) 04-C4-06 124.5(3)
Znl-07-Zn2'  107.563(14)

Znl'-O7-Zn2' 108.145(14)

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Thermal Decomposition

Compounds 5 and 6 decompose at relatively low tem-
peratures. Figure 7a shows thermogravimetric (TG) curves
recorded for 5 at different heating rates (2, 5 and
10 °Cmin ). It can be seen that the heating rate affects the
3181
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decomposition. Thus, decomposition is completed at higher
temperatures for faster heating rates, arguing for a nonequi-
librium process under these conditions. In Figure 7b the
first derivative of the TG curve for a heating rate of
2 °Cmin~! is shown. Two minima are visible at ca. 130 and
192 °C. Thus, as shown previously for [RZnOR '], precursor
compounds [e.g. R = CH;, R" = CH(CH3),], decomposition
occurs in two steps.l'>”! The mass loss of the two combined
steps is ca. 67% which is consistent with a decomposition
to give ZnO. Raman spectra were recorded before and after
decomposition to obtain further information. Figure 8 dis-
plays the Raman signal of 5 in the region around 450 cm™.
An additionally measured wurtzite ZnO reference (trace c)
shows the characteristic two intense (allowed) E, phonon
modes of ZnO at 98 and 437 cm™! (E,'°% and E,M2", litera-
ture values 99 and 439 cm '2!). Other signals at ca. 330,
380 and 580 cm ! were previously assigned to E,Meh — E,low,
A1(TO) and E(LO) (TO and LO should denote the trans-
verse and longitudinal components, in which the infrared-
active optical phonon mode is split).[*?! Finally, a broad sig-
nal around 1140 cm™' (see Supporting Information) is due
to 2E,(LO), gaining intensity due to the presence of a reso-
nance Raman effect.??! All these signals are absent in the
spectrum recorded for 5 prior to heating (trace a). The ap-
pearance of the signals characteristic for ZnO in the spec-
trum recorded after heating the sample to 300 °C (trace b)
confirms that decomposition of 5 leads to ZnO. Import-

100-
90
80
70
601
501
40-
30

m / % of starting mass

50 100 150 200 250 300

T/°C
0.0+
-0.24

-0.4-

dmidT 1% K1

-0.64

-0.84

50 100 150 200 250 300
TI°C

Figure 7. (a, top) Thermogravimetric (TG) curves obtained for 5
with different heating rates (2, 5 and 10 °Cmin~"). (b, bottom)

First derivative of the TG curve recorded for a heating rate of

2°Cmin~".
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antly, the spectra show no sign of any signals besides those
due to ZnO (see also the Raman spectra presented in the
Supporting Information). Therefore, decomposition ap-
pears to be a clean process and the use of the carbamate
complexes as ZnO precursors is attractive.

intensity / a.u.

i 5N
SN Pt

e P (@)

100 200 300 400 500 600 700

Raman shift / cm'1

Figure 8. Raman spectra in the region around 450 cm™' (excited
with the 514 nm line of an Ar* ion laser) measured for 5 (a) before
heating and (b) after heating to 300 °C, together with (c) a reference
Raman spectrum of a purchased ZnO sample.

We also measured X-ray powder diffraction (XRD) data
in reflection with Cu radiation. The ZnO can be identified
from the powder diffractogram as the hexagonal in the
space group P6smc (a = b = 324.98 pm, ¢ = 520.66 pm, see
Figure 9). The mean particle size calculated using the De-
bye—Scherrer equation from the line broadening in the dif-
fractogram was 10.3 nm. This value is in good to excellent
agreement with the results for the particle size determi-
nation of 10.4 nm obtained from BET measurements (BET
surface: 102.7 m?g!, density of ZnO: 5.6 gcm3, see Sup-
porting Information). Furthermore, these results are con-
firmed4 by a statistical evaluation from the TEM mea-
surements giving a mean particle size of 9.3(1.6) nm with a
maximum in the particle size distribution at about 9.5 nm
(see Figure 10). In the high-resolution TEM measurement,
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Figure 9. Powder diffraction patterns as measured after heating of
5 to 300 °C with a heating rate of 5 K min!. The inserted lines are
taken from the database for ZnO.
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distribution.

the crystalline nature of the material is, in addition to the
XRD measurements, substantiated by the existence of crys-
tal planes in the particles. The layers of the [1,0,0] (or
[0,1,0]) plane of ZnO with a corresponding plane-to-plane
distance of 293(8) pm are resolved (expected 281 pm). An
EDX analysis of the ZnO particles shows the presence of
ca. 3% of carbon impurities which might be due to ad-
sorbed solvent molecules. Solvent adsorption is found regu-
larly for ZnO formation in polyol solvents.>>] All these re-
sults show that during the pyrolysis of 5, nanoparticles of
definite shape and overall good particle size distribution are
formed. This gives evidence that the pyrolysis proceeding at
a low temperature of 200 °C is finally a controlled process
or else not so well defined particles in terms of size and
crystalline behaviour would be expected as the product.

Conclusions

Reaction of diethylzinc with HN(iPr), and HN(iBu), af-
forded the alkylzinc amide species [EtZnNR,], (R = iPr or
iBu). Insertion of CO, at room temperature into the metal—
amide bond afforded the tetrameric carbamate complexes
[EtZn{O,CN(iPr),}]4 and [EtZn{O,CN(iBu),}]s. Addition
of small quantities of water results in formation of [OZn,-
(O,CNR5)g] complexes, whereas larger amounts of water
cause further decomposition and precipitation of ZnO. The
new carbamate complexes were structurally characterised
by X-ray diffraction. The experimental results were sup-
plemented by quantum chemical calculations which shed
light on the thermodynamics of some of these reactions.
Interestingly, the carbamates thermally decompose to give
ZnO nanoparticles. The decomposition process was ana-
lysed by using thermogravimetric, Raman, X-ray powder
diffraction, BET, EDX and TEM measurements which
show that the process is quantitative and occurs under mild
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conditions (below 200 °C) leading to ZnO nanoparticles
with an average size of about 10 nm and a narrow size dis-
tribution. The oxygen atoms in the ZnO particles originate
from the CO, reactant.

Experimental Section

General: All reactions were carried out under dry argon using stan-
dard Schlenk techniques. All solvents were dried by using standard
methods followed by distillation. Diethylzinc as a 1.5 m solution in
toluene, HN(iPr), and HN(iBu), as well as carbon dioxide were
purchased from Aldrich and Acros and used as delivered. Raman
spectra were recorded (without using a polarisor) with a Horiba
JobinYvon Triple T64000 spectrometer equipped with a triple
monochromator system and a CCD camera detector. The 514 nm
line of an Ar* ion laser (500 mW) was used for excitation. Thermo-
gravimetric (TG) measurements were carried out with a Mettler
TC15 instrument under Ar over a temperature range of 30-600 °C.
The heating rate was varied between 2 and 10 Kmin~!. NMR spec-
tra were recorded at room temperature with a Bruker Avance I1 400
spectrometer. The chemical shifts were referenced to tetramethylsil-
ane (TMS). The BET measurements were carried out with a Quant-
achrome NOVA automated gas adsorption system. TEM experi-
ments were performed with a FEI Tecnai F20 TEM instrument
with a field emission gun at 200 kV on carbon-coated 400 mesh
copper grids. The XRD measurements were performed with a Sie-
mens D500 diffractometer by using Cu radiation and with a step
size of 0.1° and an irradiation time of 2°min~!. The data were
evaluated with EVA (DIFFRACplus, EVA 9.0, XRD evaluation
program, Bruker AXS, 2003). The calculation of the particle size
was carried out by using the Debye-Scherrer equation. 2]

X-ray Crystallographic Study: Suitable crystals were taken directly
out of the mother liquor, immersed in perfluorinated polyether oil
and fixed on top of a glass capillary. Measurements were made
with a Nonius-Kappa CCD diffractometer with a low-temperature
unit using graphite-monochromated Mo-K,, radiation. The tem-
perature was set to 200 K. The data collected were processed by
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using the standard Nonius software.””! All calculations were per-
formed using the SHELXT-PLUS software package. Structures
were solved by direct methods with the SHELXS-97 program and
refined with the SHELXL-97 program.?$:?’] Graphical handling of
the structural data during solution and refinement was performed
with XPMA P9 Structural representations were generated by using
Winray 32.B! Atomic coordinates and anisotropic thermal param-
eters of non-hydrogen atoms were refined by full-matrix least-
squares calculations. CCDC-665106, -665107, and -665108 contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from the Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk/datarequest/cif.

EtZnN(iPr), (3): Diethylzinc (20 mL, 30 mmol) was treated with
1 equiv. of HN(iPr), (3.03 g, 30 mmol) in toluene (50 mL) over the
weekend at room temperature under argon. The solvent was evapo-
rated completely leaving a colourless liquid. '"H NMR (400 MHz,
CgDg): 6 = 0.33 (q, 3J = 8.16 Hz, 2 H, CH3CH,Zn), 1.42 (t, 3J =
8.15 Hz, 3 H, CH;CH,Zn), 0.92 (d, 3J = 6.27 Hz, 12 H, Me,CH),
2.76 (m, 3J = 6.31 Hz, 2 H, CHMe,) ppm. '3C NMR (100.56 MHz,
CeDg): 6 = 6.27 (CH3CH,Zn), 11.97 (CH3CH,Zn), 22.99 (Me,CH),
45.65 (CHMe,) ppm.

[EtZn{O,CN(Pr),;}l4 (5): Diethylzinc (20 mL, 30 mmol) was
treated with 1 equiv. of diisopropylamine (3.03 g, 30 mmol) in tolu-
ene (50 mL) at 70 °C under argon for 3 h. The resultant solution
was cooled to room temperature and dry CO, gas bubbled through
for 30 min. The solvent was removed in vacuo and the solid prod-
uct recrystallised from toluene/hexane (6:1) at —20 °C to give color-
less cubic crystals (5.91 g, 82%). '"H NMR (400 MHz, C4Dy): 6 =
0.66 (q, 3J = 8.17 Hz, 2 H, CH3CH,Zn), 1.69 (t, 3J = 8.12Hz, 3
H, CH;CH»Zn), 1.13 (d, 3J = 6.8 Hz, 12 H, Me,CH), 3.88 (m, 3J
= 6.4 Hz, 2 H, CHMe,) ppm. '3C NMR (100.56 MHz, C¢Dg): 6
= -2.14 (CH;CH,Zn), 13.36 (CH;CH,Zn), 20.76 (Me,CH), 46.08
(CHMe,), 163.04 (CO,) ppm.

[EtZn{O,CN(iBu),}]; (6): Diethylzinc (20 mL, 30 mmol) was
treated with 1 equiv. of diisobutylamine (3.87 g, 30 mmol) in tolu-
ene (50 mL) at 70 °C under argon for 3 h. The resultant solution
was cooled to room temperature and dry CO, gas bubbled through
for 30 min. The solution was then concentrated to dryness and the
solid product recrystallised from hexane at —20 °C to give colour-
less cubic crystals (6.31 g, 79%). '"H NMR (200 MHz, C4Dy): 6 =
0.67 (q, 3J = 7.08 Hz, 2 H, CH3CH,Zn), 1.71 (t, 3J = 7.18 Hz, 3
H, CH;CH,Zn), 0.89 (d, 3J = 7.12 Hz, 12 H, Me,CH), 1.99 (m, 3J
= 6.42 Hz, 2 H, Me,CH), 3.16 (d, 3J = 6.52 Hz, 4 H, CHCH,)
ppm. *C NMR (50.27 MHz, C¢Dg): 6 = -0.42 (CH3CH,Zn), 13.10
(CH3CH,Zn), 20.41 (Me,CHCH,), 27.41 (Me,CHCH,), 5591
(Me,CHCH,), 164.69 (CO,) ppm.

[0Zn4{O,CN(iBu),}6| (7): The compound was obtained in the pres-
ence of small amounts of water in the reaction mixture. '"H NMR
(200 MHz, C¢Dg): 6 = 0.85 (d, 3J = 6.67 Hz, 12 H, Me,CH), 1.97
(m, 3J = 6.74Hz, 2 H, Me,CH), 3.13 (d, 3J = 744 Hz, 4 H,
—CHCH,) ppm. 3C NMR (50.27 MHz, C¢Dg): 6 = 20.42
(MesCHCH,), 27.63 (Me,CHCH,), 55.42 (Me,CHCH,), 164.69
(CO,) ppm.

Quantum Chemical Calculations: Quantum chemical calculations
were carried out with the aid of the TURBOMOLE program.2! If
not stated otherwise, the BP86 DFT method,*?! in combination
with an SV(P) basis set,** was applied. A vibrational analysis was
carried out for each calculated minimum. The absence of any imag-
inary frequency indicates that all structures converged to true en-
ergy minima. Thermodynamic properties were calculated with the
freeH module as implemented in TURBOMOLE.
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Supporting Information (see footnote on the first page of this arti-
cle): NMR spectra for 3, Raman spectra for 5 before and after
heating to 350 °C, BET measurements on ZnO, results of the quan-
tum chemical calculation for 3, 4 and 5.
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