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The binding of 1-propanol to neutral and singly charged tungsten oxide seed particles was studied using
quantum chemical methods. Three different density functionals and three basis sets were employed, and
the results were compared with each other as well as with results previously published by other groups.
Our results implicate a positive sign preference for all studied tungsten oxide species. Molecular struc-
tures obtained for pure tungsten oxide show good agreement with previous results.
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1. Introduction

The motivation for this study was twofold. The first motivation
was that nucleation on ions is an important process in the atmo-
sphere. Even though the majority of atmospheric nucleation is
believed to happen via neutral pathways [1,2], ion-induced nucle-
ation may play some part, especially in regions where air ion or
ion cluster concentrations are relatively high. Also, the majority of
detection methods for nucleating clusters rely on charging, which
makes understanding processes that involve ions vital.

Ions of opposite sign were observed to exhibit different nucle-
ation rates as early as 1897 [3], but the reason for this sign prefer-
ence remained a mystery for more than a century. In a recent paper
by Nadykto et al. [4] it was demonstrated that the sign effect can
be predicted by carrying out relatively simple quantum chemical
calculations. This means we can use quantum chemical methods
to help us understand the role of ion-induced nucleation in atmo-
spheric conditions. Recently done calculations for sulfuric acid by
Kurtén et al. [5] are another example of how quantum chemical
methods can be applied to atmospheric systems. However, the
computational methods in use today are generally iterative meth-
ods that employ a variety of approximations in order to keep the
cost in computational resources reasonable. Because of this, theo-
retical predictions need to be compared with high-quality experi-
All rights reserved.
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mental results whenever possible, in order to gain reliable
insight on the initial steps of ion-induced nucleation.

In this study, we have examined the sign preference of the bind-
ing of a single 1-propanol molecule to small tungsten oxide mole-
cules with different charge. In experimental studies such as the one
performed by Winkler et al. [6], tungsten oxide particle generators
can be used to produce nearly monodispersed particles smaller
than 2 nm in diameter. Nanoparticles such as these are valuable
when studying the initial steps of nucleation. Thus, while tungsten
oxide particles probably have no direct relevance to the real atmo-
sphere, they still have an important role to play in atmospheric sci-
ences. This brings us to the second motivation for this study: the
choice of method for doing simulations is non-trivial.

While accurate simulation of transition metals, such as tung-
sten, generally requires the use of a very high level of theory due
to the strong multireference nature of their wave functions, the
computational cost for multireference methods such as multirefer-
ence configuration interaction quickly becomes unfeasible as we
move from single atoms and dimers to systems with a larger num-
ber of atoms. One solution to this problem is to use density func-
tional theory (DFT), which scales more favorably with system
size, and has had some success [7] in treating transition metal sys-
tems. Care has to be taken, however. In DFT calculations, the choice
of density functional and basis set plays a major role, since a single
density functional does not generally work equally well in every
situation. Thus, the quality of results may vary greatly. This leads
to a need to perform the simulations using different density func-
tionals and basis sets, unless one can be relatively sure that the
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system in question is not very sensitive to the choice of theoretical
method.
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Fig. 1. A schematic of the structure of the W3O9 molecule. Large spheres denote
tungsten atoms and small spheres oxygen atoms.
2. Methods

A quantum chemical study of the structure and electronic ener-
gies of WO, WO+, WO2, WO�2 , WOþ2 , WO3, WO�3 , WOþ3 , W3O9, W3O�9 ,
W3Oþ9 , (WO2)(C3H8O), (WO�2 )(C3H8O), (WOþ2 )(C3H8O), (WO3)
(C3H8O), (WO�3 )(C3H8O), (WOþ3 )(C3H8O), (W3O9)(C3H8O), (W3O�9 )
(C3H8O) and (W3Oþ9 )(C3H8O) was performed employing the quan-
tum chemistry programs Spartan [8], Gaussian 03 [9], Gaussian
09 [10], SIESTA [11] and ADF [12–14] with ADF-GUI [15]. Molecu-
lar visualization programs Molden 4.6 [16] and Molekel 4.3 [17]
were used to study the structures and produce the geometry fig-
ures in this study.

We worked with the assumption that the strength of the chemi-
cal bond between the seed molecule and a single 1-propanol
molecule is an indicator of the sign preference. In other words, if
the 1-propanol bonded more strongly to a negatively charged seed
molecule than to a positively charged one, this was interpreted as
implying a negative sign preference (and vice versa). For computa-
tional reasons we used single WO2 and WO3 molecules as seed par-
ticles, although we acknowledge that the size of the experimentally
measured seed particles may have allowed dimers or even trimers.
The W3O9 in turn corresponds to (WO3)3 and its properties are close
to the bulk properties of WO3 [18,19], providing us with a rough esti-
mate for the bulk limit.

We also focused our attention only to the binding energies of
two specific and separate molecules, and not on possible chemical
reactions such as proton transfer. If such chemical reactions took
place in the simulation runs, these cases were not taken into ac-
count in our final considerations. The main reason for this is that
such reactions very likely can happen only for one 1-propanol mol-
ecule, and would thus not be representative for the actual hetero-
geneous nucleation process, where a large number of 1-propanol
molecules condense onto the seed.

The quantum chemical methods used in this study were all
based on density functional theory. On the SIESTA program suite,
we used the semiempirical BLYP [20–22] and nonempirical RPBE
[23] density functionals in the general gradient approximation
(GGA) [24–26] with a DZP [27] basis set and relativistic norm-con-
serving pseudopotentials for the atoms. The PBE functional has
been shown to give quite good lattice constants for WO3 compared
to experimental results [28], and the RPBE revision of the PBE func-
tional has been shown to give improved results over PBE [29] in
some cases. However, we did not have any conclusive data on
whether the RPBE density functional would work better than the
BLYP functional for our simulations or indeed if either RPBE or
BLYP would perform acceptably well. Thus, we chose to use both
functionals and compare the results. On the Gaussian 03 program
suite we used a nonempirical meta-GGA density functional,
TPSSTPSS [30,31], with two basis sets: SDD, which uses D95V
[32] up to argon and Stuttgart/Dresden effective core potentials
on the remainder of the periodic table [33], and def2-QZVPP [34]
with a Stuttgart/Dresden effective core potential for tungsten.
The TPSSTPSS functional lies on a higher rung of the ‘‘Jacob’s lad-
der’’ of density functional approximations [35] than either BLYP
or RPBE. This makes it in principle better, although its performance
may vary depending on the specific system.

We began our study by generating initial guesses for the sole
purpose of method comparison. For the single tungsten oxide mol-
ecules, initial guesses for geometry optimizations were both made
by hand using the ADF-GUI and Spartan program suites, and ob-
tained from low level (molecular mechanics) optimizations per-
formed on some of these hand-made geometries. The geometries
were then optimized using the BLYP/DZP and RPBE/DZP methods
of SIESTA. Additional re-optimization was performed on the
RPBE/DZP optimized geometries with the Gaussian 03 program
suite using the TPSSTPSS/SDD method. Energies were taken both
from the final results of the optimization runs and separate
TPSSTPSS/def2-QZVPP single point calculations for the RPBE/DZP
optimized geometries.

For the systems with a 1-propanol molecule and a tungsten
oxide molecule, initial guesses for the geometry optimizations
were obtained similarly to the single tungsten oxide molecules.
The geometries were then optimized using the SIESTA RPBE/DZP
method. Electronic binding energies were calculated from the
energies obtained from the optimization output as well as separate
single point energy calculations performed on the RPBE/DZP opti-
mized geometries using the TPSSTPSS/def2-QZVPP method.

Finally the amount of basis set superposition error (BSSE) was
probed by performing TPSSTPSS/def2-QZVPP energy calculations
for the RPBE/DZP geometries for the case of 1-propanol and WO3

with and without the counterpoise correction. Results with all
the functionals were compared with each other as well as with re-
sults obtained by other groups [18,36–38] (Fig. 1, Tables 1a and b,
2a and 2b).

To study the sign preference, a new set of SIESTA RPBE/DZP
optimizations was performed, where a total of eight different ini-
tial geometries were obtained using the ADF molecule builder for
all charging states of WO2 and WO3, and a total of five different ini-
tial geometries for all charging states of W3O9. Frequency calcula-
tions were performed on the RPBE/DZP optimized geometries at
the RPBE/DZP level to determine whether the obtained structures
were local minima or transition states. Single point energies for
these geometries were then calculated using the Gaussian 03
TPSSTPSS/def2-QZVPP method. The results for the obtained geom-
etries with the largest binding energy can be seen from Fig. 2a and
b, Tables 3, 4a and 4b.

The multiplicity was two for the anionic and cationic species
and one for the neutral species in all cases under study.
3. Results and discussion

As can be seen from Table 1a, with the exception of a consider-
ably larger bond angle given by the RPBE/DZP method for the
negatively charged WO2 molecule, our results for free tungsten



Fig. 2a. Pictures of the minimum-energy local minimum geometries listed in Table 3. Green spheres denote carbon atoms, white spheres denote hydrogen atoms, red spheres
denote oxygen atoms and blue spheres denote tungsten atoms. The bonds between WOx and 1-propanol molecules are generated by the Molden and Molekel visualization
programs and may not necessarily correspond to actual covalent bonds. The lengths of these bonds or bond-like interactions are listed in Table 4a. In cases where there are
more than one bond or bond-like interaction of a certain type, only the shortest length is reported.

Fig. 2b. Pictures of the minimum-energy local minimum geometries with near-zero frequencies listed in Table 3. Green spheres denote carbon atoms, white spheres denote
hydrogen atoms, red spheres denote oxygen atoms and blue spheres denote tungsten atoms. The bonds between WOx and 1-propanol molecules are generated by the Molden
and Molekel visualization programs and may not necessarily correspond to actual covalent bonds. The lengths of these bonds or bond-like interactions are listed in Table 4b.
In cases where there are more than one bond or bond-like interaction of a certain type, only the shortest length is reported.
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oxide molecules are quite similar to the results obtained by other
groups using different methods. The same can be seen from Table
1b, where deviations from the results by Huang et al. remained rel-
atively small except for the vertical detachment energy (VDE),
which is the energy of the neutral molecule minus the energy of
the anion (both in their ground electronic state) at the equilibrium
geometry of the anion. For the VDE the BLYP/DZP and RPBE/DZP
methods gave very poor results. The TPSSTPSS/SDD method of
Gaussian 03 gave an overestimation of 0.47 eV when used to re-
optimize the RPBE/DZP geometry whereas a single point energy
calculation on the RPBE/DZP geometry with the TPSSTPSS/def2-
QZVPP method resulted in an overestimation of 0.34 eV. It would
thus seem that the problem is not so much in the geometry as it
is in the energies given by the BLYP/DZP and RPBE/DZP methods.

Overall, based on this initial comparison it seemed that our cho-
sen methods perform adequately for the geometry optimization.
The TPSSTPSS/SDD method is computationally more demanding
than the BLYP/DZP and RBE/DZP methods, but did not seem to give



Table 1a
Comparison of structures and energies with results from other groups.

Method rW–O (Å) OWO (�) OWOO (�) Energy (hartree)

WO
1* 1.6749 – – �142.2594359
2* 1.6641 – – �142.9602519
TPSS** 1.6990 – – �142.2244048
BLYP 1.6680 – – �41.2511993
RPBE 1.6586 – – �41.4498768
TPSS*** – – – �142.2758654

WO+

1* 1.6594 – – �141.9673959
2* 1.6473 – – �142.6645348
TPSS** 1.6838 – – �141.9393052
BLYP 1.6612 – – �41.0178067
RPBE 1.6511 – – �41.2338939
TPSS*** – – – �141.9951549

WO2

3* 1.72 103.79 – –
4* 1.69 104.75 – –
TPSS** 1.73 103.93 – –
BLYP 1.70 104.62 – –
RPBE 1.69 104.19 – –

WO�2
3* 1.76 116.44 – –
4* 1.74 117.93 – –
TPSS** 1.78 117.18 – –
BLYP 1.76 118.11 – –
RPBE 1.79 130.43 – –

WO3

5* 1.807 103.8 108.1 �292.3750
6* 1.746 106.9 114.1 �293.5414
TPSS** 1.767 106.3 113.0 �292.9005
BLYP 1.753 105.3 110.9 �73.5958
RPBE 1.742 105.2 110.8 �73.8747
TPSS*** – – – �293.0246

* Method 1: Gaussian 98 B3LYP/SDD for tungsten and 6–31G* for oxygen, ground
state [36]; Method 2: Gaussian 98 B3LYP/LanL2DZ for tungsten and 6–31G* for
oxygen, ground state[36]; Method 3: Gaussian 94 BP86/LanL2DZ[37]; Method 4:
Gaussian 94 B3LYP/LanL2DZ/6–31 + G* [37]; Method 5: Gaussian 94 MP2/LanL2DZ
[38]; Method 6: Gaussian 94 B3LYP/LanL2DZ [38].
** A Gaussian 03 TPSSTPSS/SDD re-optimization of the SIESTA RPBE/DZP optimized
geometry.
*** G03 TPSSTPSS/def2-QZVPP single point energy calculation for the RPBE/DZP
optimized geometry.

Table 1b
Comparison of structures and vertical detachment energies. A, B, C, a and b are shown
in Fig. 1.

Method A (Å) B (Å) C (Å) a (�) b (�) VDE (eV)

W3O9

1* 1.908 3.552 1.706 137.1 102.9 –
TPSS** 1.924 3.615 1.751 139.8 100.1 –
BLYP 1.924 3.525 1.732 132.8 105.9 –
RPBE 1.917 3.514 1.721 130.7 106.8 –
W3O9

Exptl[17] – – – – – �4.2
1* 1.923 3.265 1.724 116.2 123.8 4.39
TPSS** 1.951 3.299 1.766 115.6 124.5 4.67
BLYP 1.943 3.251 1.748 113.3. 126.2 2.46
RPBE 1.934 3.215 1.738 112.4 127.4 2.66
TPSS*** – – – – – 4.54

* Method 1: NWChem 4.6 B3LYP/augmented Stuttgart 14 for tungsten and aug-cc-
pVTZ for oxygen[18].
** G03 TPSSTPSS/SDD re-optimization of the SIESTA RPBE/DZP optimized geometry.
*** G03 TPSSTPSS/def2-QZVPP single point energy calculation for the RPBE/DZP
optimized geometry.

Table 2a
Comparison of binding energies given by the RPBE/DZP and TPSSTPSS/def2-QZVPP
methods for a set of test geometries. The RPBE binding energies were calculated from
the energies calculated by SIESTA during the RPBE/DZP optimization runs. The
TPSSTPSS binding energies were calculated from single point energies calculated at
the TPSSTPSS/def2-QZVPP level for the RPBE/DZP optimized geometries. These
structures were not used for the actual sign preference calculations.

DEelec (kcal/mol)

RPBE TPSSTPSS

WO2�C3H8O �13.0 0.5
WO2�C3H8O �45.6 �8.6
WOþ2 �C3H8O �19.9 �3.0
WO3�C3H8O �16.4 7.9
WO3�C3H8O �40.0 �10.3
WOþ3 �C3H8O �52.7 �50.5
W3O9�C3H8O �19.8 3.0
W3O9�C3H8O �31.4 �1.3
W3Oþ9 �C3H8O �49.0 �38.6

Table 2b
Binding energies calculated from TPSSTPSS/def2-QZVPP single point energy calcula-
tions performed on RPBE/DZP optimized test geometries. The single point energy
calculations were performed with and without the counterpoise correction. These
structures were not used for the actual sign preference calculations.

DEelec (kcal/mol)

TPSSTPSS TPSSTPSS + counterpoise

WO3�C3H8O 7.9 7.6
WO3�C3H8O �10.3 �9.8
WOþ3 �C3H8O �50.5 �51.6
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any significant improvement for the optimized geometries. Since
the difference between RPBE and BLYP density functionals proved
in addition to be small, we decided to use the nonempirical RPBE
instead of the semiempirical BLYP or the nonempirical meta-GGA
TPSSTPSS for the geometry optimizations in the sign preference
calculations. However, due to the VDE results, we decided to use
the TPSSTPSS/def2-QZVPP method for the energies by performing
single point energy calculations on the RPBE/DZP optimized
geometries.

The computational results presented in Table 2a show initial
test results for binding energies between 1-propanol and three dif-
ferent tungsten oxide seed molecules. The main purpose of these
binding energies was to study the differences between the RPBE/
DZP and TPSSTPSS/def2-QZVPP methods. For the RPBE/DZP meth-
od, these results imply a negative sign preference for WO2 and a
positive sign preference for WO3 and W3O9. Using the TPSSTPSS/
def2-QZVPP method for the energies resulted in significant quanti-
tative change of the binding energies compared to RPBE/DZP, espe-
cially for the negatively charged cases. Together with the VDE
results this could indicate that the negatively charged cases cause
problems for the energy calculations of the RPBE/DZP method. This
would not be totally unexpected since Kohn–Sham density func-
tional theory has known issues with describing anions [39]. The
qualitative sign preference did not change, however, but the fact
that the binding energy changed sign for the uncharged cases of
WO2, WO3 and W3O9 would suggest that at least the uncharged
geometries were not ideal.

The counterpoise corrected binding energies for the case of
1-propanol and WO3 presented in Table 2b show differences be-
tween 0.3 kcal/mol and 1.1 kcal/mol compared with the results
without counterpoise correction. The resulting changes in the dif-
ferences between charging states were not enough to affect the
qualitative results. Thus, BSSE was deemed being of little impor-
tance for the cases under study.

The results for the actual sign preference calculations are pre-
sented in Table 3. Binding energies for the most strongly bound
structures for each case are reported. For some structures the SIES-



Table 3
Binding energies of the most strongly bound structures. The energies were obtained
from Gaussian 03 TPSSTPSS/def2-QZVPP single point energy calculations performed
on geometries from SIESTA RPBE/DZP optimization runs, except for the case of
(W3Oþ9 )(C3H8O), where the single point energy calculation was performed on a
TPSSTPSS/def2-QZVPP level with Gaussian 09. Initial geometries were built by hand
with ADF. All listed cases are local minima, but structures which had near-zero
frequencies are listed separately.

Local minimum Local minimum with near-zero
frequencies

DEelec (kcal/
mol)

DEelec (kcal/
mol)

Lowest frequency
(cm�1)

WO2�C3H8O �0.2 �1.5 �0.08
WO�2 -�C3H8O �11.8 �11.9 �0.04
WOþ2 �C3H8O �71.7 �32.7 0.10
WO3�C3H8O �45.7 �46.0 �0.06
WO�3 �C3H8O �10.9 �11.3 0.06
WOþ3 �C3H8O �79.1 �80.1 �0.06
W3O9�C3H8O �13.0 �19.8 0.04
W3O�9 �C3H8O �1.3* 3.7 0.05
W3Oþ9 �C3H8O �38.2** �40.1 0.07

* The structure was originally generated for the method comparison.
** The structure was obtained by re-optimizing the optimized local minimum
geometry of W3O9�C3H8O with the charge set to +1.
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TA vibrational frequency calculations gave near-zero frequencies
and we have listed these structures as well as their lowest vibra-
tional frequencies separately. For actual transition states we would
expect to see clearly negative vibrational frequencies of about
�100 cm�1 or even �1000 cm�1 when using SIESTA. Thus, the
structures with near-zero frequencies are local minima as well
and because we are not calculating thermodynamic properties,
the frequencies do not present a problem. As can be seen, most
of the binding energies of the structures with near-zero vibrational
frequencies are very close to the local minima structures with po-
sitive lowest vibrational frequencies, except for the case of
(W3O9)(C3H8O), where the structure with near-zero lowest vibra-
tional frequency is almost 6.8 kcal/mol more strongly bound, and
the case of (WOþ2 )(C3H8O), where both binding energy and the
geometry of the optimized structure imply that the structure is
not a very good local minimum. Another noteworthy case is
(W3O�9 )(C3H8O), for which the structure generated for the method
testing was more strongly bound than any of the optimized
Table 4a
Bond lengths between 1-propanol and WOx molecules for the local minimum geometries in
the second atom refers to an atom belonging to the WOx molecule.

WO2�C3H8O WO2�C3H8O WOþ2 �C3H8O WO3�C3H8O

Bond type H–O H–W O–W O–W
H–O

Bond length (Å) 1.91190 2.45766 2.10200 2.11427
2.31597

* Only the shorter of the two H–O bonds or bond-like interactions shown in Fig. 2a is g

Table 4b
Bond lengths between 1-propanol and WOx molecules for the local minimum geometries
belonging to the 1-propanol and the second atom refers to an atom belonging to the WO

WO2�C3H8O WO2�C3H8O WOþ2 �C3H8O WO3�C3H8O

Bond type H–O H–W C–W O–W
H–O

Bond length (Å) 1.86501 2.47425 2.38126 2.12080
2.33758

* Only the shorter of the two H–O bonds or bond-like interactions shown in Fig. 2b is g
** Only the shortest of the three H–O bonds or bond-like interactions shown in Fig. 2b
structures resulting from the initial guesses generated for the
study of sign preference.

We have presented pictures of the most strongly bound geom-
etries according to our results in Fig. 2a (local minima) and Fig. 2b
(local minima with near-zero vibrational frequency) and provided
the .xyz-files for all listed cases as supplementary material. From
Fig. 2a and 2b it can be seen that the binding of 1-propanol to a
WOx seed molecule seems to happen mostly either via the OH O
atom to a WOx W atom, or via the OH H atom to a WOx O atom.
Since O is more electronegative than H, one would assume that
the former always happens for positive seeds and the latter for
negative seeds, with neutrals going either way. The only case
where this was not true was for (W3Oþ9 )(C3H8O). Since the opti-
mized structure of (W3O9)(C3H8O) with near-zero lowest vibra-
tional frequency exhibited an O� � �W bond, we used this structure
as the geometry for a positively charged system and checked
whether this would yield a minimum energy structure for
(W3Oþ9 )(C3H8O) with an O� � �W bond. Simply performing a single
point energy calculation on the ‘‘new’’ positively charged structure
did not yield a minimum energy structure. However, a re-optimi-
zation of the (W3O9)(C3H8O) structure with charge set to +1, fol-
lowed by a TPSSTPSS/def2-QZVPP single point energy calculation,
resulted in a minimum energy structure with non-zero lowest
vibrational frequency. Due to technical reasons the single point
calculations for this one case were performed with Gaussian 09.
Four additional single point calculations for different cases were
performed with Gaussian 09 to insure that the choice between
Gaussian 09 and Gaussian 03 did not affect the results. The result-
ing differences in single point energies were zero in three cases and
0.0000000040 hartree in one case.

For all three tungsten oxide seed particle species, the implied
sign preference obtained with Gaussian 03 is positive. The oxida-
tion state of tungsten seems to have an effect on the relative order-
ing of the negatively charged and uncharged cases, but the reason
for this remains unclear. It is worth noting that the experimental
sign preference results of Winkler et al. showed a negative sign
preference for heterogeneous nucleation of n-propanol gas on
WOx seed particles. The most obvious candidate for this discrep-
ancy is technical reasons. Systems with multiple heavy atoms,
especially those including very heavy atoms such as tungsten, can-
not in practice be treated using a high level calculation such as
coupled cluster or multireference configuration interaction. For
Fig. 2a. The first atom in bond type refers to an atom belonging to the 1-propanol and

WO3�C3H8O WOþ3 �C3H8O W3O9�C3H8O W3O9�C3H8O W3Oþ9 �C3H8O

H–O O–W H–O H–O O–W

1.57440* 2.05608 1.81980 1.77829 2.17119

iven.

with near-zero frequencies in Fig. 2b. The first atom in bond type refers to an atom
x molecule.

WO3�C3H8O WOþ3 �C3H8O W3O9�C3H8O W3O9�C3H8O W3Oþ9 �C3H8O

H–O O–W O–W H–O H–O

1.51222 2.06623 2.24340 1.75083* 1.39942**

iven.
is given.
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this reason, less accurate methods such as DFT, with known issues
with transition metals and dispersion, must be used. Even though
the methods we used yielded similar results with results obtained
by other groups for the free tungsten oxide molecules and clusters,
introducing bonding with 1-propanol into the picture may have
changed how well the methods perform. However, there seems
to be at least some consistency in the modelled sign preference re-
sults. Also, the qualitative result of the strongest bond being be-
tween the positively charged tungsten oxide seed molecules and
1-propanol seems so clear that it would take more than a few min-
or corrections to change it. This leads us to believe that the quali-
tative results are quite robust, and that the more likely reason for
the discrepancy lies in the differences between our idealized two-
molecule simulation and the actual experiment. Further support
for this belief is provided by the fact that in our simulations there
were a few cases where Siesta’s RPB/DZP showed a proton transfer
between the 1-propanol and the tungsten oxide. These were, per
our initial plan, not taken into account in our sign preference re-
sults, but still imply the existence of chemical reactions that might
also affect the sign preference and may have taken place in the
experiment. Furthermore, since the focus of Winkler et al. was to
measure very small charged and neutral seed particles and not
the chemical composition of these seed particles, the effect of pos-
sible contaminations on the seed particle composition is unknown.
This also applies to possible chemical reactions during transport
from the particle generator to the mixing chamber, where the ac-
tual nucleation took place.

4. Conclusions

We have performed a quantum chemical study of the optimized
geometries and energies of several tungsten oxide species using the
methods BLYP/DZP, RPBE/DZP and TPSSTPSS/SDD for both geometry
optimizations and energies. For the energies, a combined method of
RPBE/DZP optimization and TPSSTPSS/def2-QZVPP single point en-
ergy calculations was also used. The results were compared with
each other and results obtained previously by other groups and
overall the agreement was quite good. Furthermore, we performed
a quantum chemical study concerning the sign preference of the
binding of 1-propanol to three tungsten oxide species using a com-
bined method of RPBE/DZP optimization and TPSSTPSS/def2-QZVPP
single point energy calculations. Our results imply a positive sign
preference for WO2, WO3 and W3O9. The experimentally observed
sign preference for WOx seed particles is negative. While technical
reasons cannot be ruled out as the source of this discrepancy, the
more likely sources are the differences between our idealized study
and the actual experimental conditions.
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