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ABSTRACT
We investigate the molecular interactions between phosphoric acid (H3PO4) and
common atmospheric nucleation precursors (H2O, NH3 and H2SO4) using computa-
tional methods. The equilibrium geometries and vibrational frequencies are obtained
using the three DFT functionals M06-2X, PW91 and ωB97X-D. The single point
energy is corrected using a high level CCSD(T)-F12a/VDZ-F12 calculation. The
molecular interaction between phosphoric acid and sulfuric acid is found to be strong
with reaction free energy of similar magnitude as the interaction between dimethy-
lamine and sulfuric acid. The strong hydrogen bonding of phosphoric acid to sulfuric
acid, indicates that concentrations of H3PO4 as low as 102-104 molecules/cm3 will
offer equivalent or higher stability as the sulfuric acid dimer for the formation of at-
mospheric molecular clusters. We assess and utilize the DLPNO-CCSD(T) method
for studying larger clusters involving phosphoric acid and sulfuric acid and find
that having a phosphoric acid molecule present in the cluster enhances the further
addition of sulfuric acid molecules.

KEYWORDS
Cluster Formation, Thermochemistry, Density Functional Theory, Atmospheric
Chemistry.

1. Introduction

Hydrogen-bonded molecular clusters are important for the formation of aerosols in the
atmosphere. Aerosols interact with solar radiation by scattering the incoming light,
and thereby cool the global climate [1]. The underlying mechanism for atmospheric
new particle formation still largely remain a mystery. It is certain that sulfuric acid is
a key component [2], but another stabilizing compound is required to explain observed
new particle formation rates [3, 4]. The predominantly investigated stabilizers are bases
such as ammonia [5–12] and monoamines [13–23]. Amines have been shown to have
an especially strong interaction with sulfuric acid, with a few ppt of dimethylamine
yielding new particle formation rates of up to three orders of magnitude higher than
ammonia [24]. Recent studies has shown that diamines clustering with sulfuric acid
is an even more potent source of new particles than monoamines [25, 26]. Highly
oxidized organic molecules such as carboxylic acids [27–42] and products formed via
autoxidation [43–49] has also been suggested to form clusters directly with sulfuric
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acid [50–52]. However, the volatility of autoxidation products might not be as low as
initially assumed and there is still no conclusive evidence of their involvement in new
particle formation [53, 54].

Sulfuric acid is created in the atmosphere by oxidation of reduced sulfur compounds,
with the final step being the hydrolysis of sulfur trioxide:

SO3 + H2O→ H2SO4

The detection of phosphine (PH3) gas in the upper troposphere indicates that reduced
phosphorus species undergo atmospheric transport [55]. Measured concentrations of
PH3 is found to accumulate in the atmosphere at night time and decrease until noon
of the following day. This indicates that oxidation reactions with OH radicals are a
significant sink for PH3 [56]. Similarly to the oxidation cycle which leads to sulfuric
acid, the oxidation of PH3 by OH radicals will eventually lead to phosphoric acid
(H3PO4). This could explain the finding of soluble phosphate in rain water [57]. Mor-
ton and Edwards indicated that up to 10% of the global atmospheric phosphorus flux
is linked to phosphine gas [58]. However, studies on the ability of phosphorus com-
pounds to form clusters in the atmosphere are sparse. Using a combination of matrix
isolation Fourier transform infrared spectroscopy experiments and quantum chemical
calculations, the ability of phosphorus to act as a hydrogen bond acceptor has recently
been elucidated. Studying three trimethylphosphine - alcohol complexes, Hansen et al.
showed that phosphorus can participate in the formation of O-H · · · P hydrogen bonds
in the gas phase [59]. Using similar methods Møller et al. have observed the N-H · · · P
hydrogen bond in the dimethylamine - trimethylphosphine complex in the gas phase
[60].

No studies have addressed the potential of phosphorus compounds to participate
in cluster formation relevant to atmospheric new particle formation. Being a highly
hygroscopic acid, phosphoric acid could analogous to sulfuric acid participate in new
particle formation. To our knowledge there is currently no measurements on the at-
mospheric concentration of phosphoric acid. Gas phase phosphoric acid could thereby
potentially be an elusive compound, which is not detected due to either low concen-
trations, and/or alternatively due to a swift partitioning into the particle phase. To
elucidate the effect of phosphoric acid in atmospheric cluster formation, we herein in-
vestigate the molecular interaction between H3PO4 and common atmospheric aerosol
precursors (H2O, NH3 and H2SO4). The following four cluster formation reactions
involving H3PO4 are investigated:

H3PO4 + H2O � (H3PO4)(H2O) (R1)

H3PO4 + NH3 � (H3PO4)(NH3) (R2)

H3PO4 + H3PO4 � (H3PO4)2 (R3)

H3PO4 + H2SO4 � (H3PO4)(H2SO4) (R4)

To compare with sulfuric acid, the formation reactions (R1)-(R4) are compared to the
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following sulfuric acid interactions:

H2SO4 + H2O � (H2SO4)(H2O) (R5)

H2SO4 + NH3 � (H2SO4)(NH3) (R6)

H2SO4 + (CH3)2NH � (H2SO4)((CH3)2NH) (R7)

H2SO4 + H2SO4 � (H2SO4)2 (R8)

These formation reactions represent some of the key interactions in atmospheric new
particle formation such as the interaction between sulfuric acid and water (R5), the
interaction with the most abundant atmospheric base ammonia (R6) and the dimer
formation of sulfuric acid (R8). As amines are known to form strong clusters with
sulfuric acid the interaction between sulfuric acid and dimethylamine (R7) is included
as a comparison. From the cluster formation reactions (R1)-(R8) we explore whether
phosphoric acid could potentially form clusters in the atmosphere.

2. Computational Methodology

All Density Functional Theory calculations have been performed in Gaussian 09, rev
B [61]. Explicitly correlated coupled cluster calculations (CCSD(T)-F12a [62–64])
were run in MOLPRO 2012.1 [65]. Domain based local coupled cluster calculations
(DLPNO-CCSD(T) [66, 67]) were performed in ORCA 3.0.3 [68]. Geometry opti-
mization and frequency calculations were performed using the M06-2X, PW91 and
ωB97X-D functionals with the 6-31++G(d,p) and 6-311++G(3df,3pd) basis sets. In
several recent benchmarks these three functionals have proven to be among the most
reliable density functionals with respect to calculating binding energies of molecular
clusters relevant to the atmosphere [69–73]. Utalization of the smaller 6-31++G(d,p)
basis set for optimizing the geometry and calculating the vibrational frequencies
do not lead to large errors compared to the large 6-311++G(3df,3pd) basis set for
clusters involving sulfuric acid, ammonia, amines, organics and water [74]. This result
is further tested in this study, to evaluate if it remains valid for phosphorus containing
compounds.

The binding (free) energies of the studied clusters are calculated with respect
to the monomers as follows:

∆Ebind = Ecluster −
∑
i

Emonomer,i (1)

∆Gbind = Gcluster −
∑
i

Gmonomer,i (2)

The binding free energy can be partitioned into a pure electronic contribution and a
thermal contribution to the Gibbs free binding energy:

∆Gbind = ∆Ebind + ∆Gthermal (3)

A pragmatic approach is to use DFT for obtaining the geometry and frequencies,
hence the ∆Gthermal contribution, and then use a higher level of theory for obtaining
the ∆Ebind value, calculated at the DFT geometry. This allows for the calculation of
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an approximate ∆G
CCSD(T)*
bind value in the following manner:

∆G
CCSD(T)*
bind = ∆E

CCSD(T)
bind + ∆GDFT

thermal (4)

To thoroughly sample the configurational space we use a semi-empirically guided sam-
pling technique which relies on numerous randomly generated conformations. Phospho-
ric acid exists in both a C1 and C3 conformation. At the CCSD(T)/aug-cc-pV(T+d)Z
level of theory [75] the C3 conformation has been identified to be 1.5 kcal/mol lower
in energy than the C1 conformation and we will only consider this conformer in the
cluster sampling. The following sampling routine is applied:

• In each step 1000 randomly oriented molecules are randomly distributed around
the target molecule/cluster.
• The 1000 structures are initially optimized using the semi-empirical PM6

method.
• For the converged structures a single-point M06-2X/6-31+G(d) energy is calcu-

lated.
• The structures are sorted, characterized by the total energy/dipole moment and

different conformations are identified.
• Conformations within 15 kcal/mol of the lowest identified conformation are ge-

ometry optimized and frequencies are calculated at the M06-2X/6-31+G(d) level.

The identified different M06-2X/6-31+G(d) optimized conformations are subsequently
refined using M06-2X with the 6-31++G(d,p) and 6-311++(3df,3pd) basis sets to yield
the final structures. The lowest three conformations of these are further evaluated using
the PW91 and ωB97X-D functionals with the 6-31++G(d,p) and 6-311++(3df,3pd)
basis sets. As DFT can be prone to errors in the electronic binding energy, the single
point energies of each conformation is evaluated at the CCSD(T)-F12a/VDZ-F12 level
of theory. The final Gibbs free energy is presented as the average of all three values, for
each basis set. To get an indication of the uncertainty in the molecular geometry using
the different DFT functionals, the standard deviation (σ) is calculated, and presented
for each result.

3. Results and Discussion

3.1. Assessment of Computational Methodology

3.1.1. Sensitivity of the Applied DFT Methods

We have utilized the three functionals PW91, M06-2X and ωB97X-D in conjugation
with both the 6-31++G(d,p) and 6-311++G(3df,3pd) basis sets for optimizing the
geometries and calculating the vibrational frequencies. To test the performance of
the chosen functionals, the up to three lowest free energy conformations for each
of the clusters formed in reaction (R1)-(R8) are analyzed. This yields a total of 15
formation free energies in the evaluation. The Gibbs free energy is partitioned into a
pure electronic contribution ∆E and the thermal contribution to the Gibbs free energy
∆GThermal, as shown in equation (3). Table 1 shows the mean absolute deviation in
∆GThermal between the 6-31++G(d,p) and 6-311++G(3df,3pd) basis sets and the
mean absolute deviation and maximum deviation between the DFT and CCSD(T)-
F12a/VDZ-F12 binding energies for the 15 tested clusters.
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Table 1.: Mean absolute deviation and maximum deviation (shown in parenthesis) in
the thermal contribution to the free energy (∆GThermal) and binding energy (∆E)
between DFT calculated with either the 6-31++G(d,p) or 6-311++G(3df,3pd) basis
sets and CCSD(T)-F12a/VDZ-F12 results. All values are shown in kcal/mol.

∆GThermal ∆E6-31++G(d,p) ∆E6-311++G(3df,3pd)

M06-2X 0.7 (1.8) 2.8 (4.1) 1.3 (2.1)
PW91 0.2 (0.5) 1.9 (4.1) 1.0 (1.8)
ωB97X-D 0.2 (0.8) 1.4 (2.6) 0.3 (0.6)

The mean absolute deviations in ∆GThermal between the 6-31++G(d,p) and 6-
311++G(3df,3pd) basis sets for the 15 clusters is found to be 0.7, 0.2 and 0.2 kcal/mol
for M06-2X, PW91 and ωB97X-D, respectively. This implies that the molecular struc-
tures and frequencies can be obtained using the smaller 6-31++G(d,p) basis set with-
out introducing severe errors. For all the functionals the binding energies agree better
with the CCSD(T)-F12a/VDZ-F12 calculation when increasing the basis set from 6-
31++G(d,p) to 6-311++G(3df,3pd). The DFT binding energies are almost exclusively
found to overbind compared to coupled cluster theory. This is most severely observed
by the M06-2X functional in case of acid-acid interactions. Among the tested function-
als it is seen that the ωB97X-D functional using the 6-311++G(3df,3pd) basis set yield
results in best agreement with the CCSD(T)-F12a/VDZ-F12 binding energy. These
findings correlate well with our previous estimate for a test set of 107 atmospherically
relevant molecular clusters [70]. This suggests that for the studied clusters containing
phosphoric acid, it is sufficient to use a 6-31++G(d,p) basis set for obtaining the ge-
ometry and frequencies, and a correlated method such as CCSD(T)-F12a/VDZ-F12
is required to yield reliable single point energies.

3.1.2. Application of the DLPNO Method

Highly accurate CCSD(T)-F12a/VDZ-F12 calculations are not feasible on larger clus-
ters than those calculated in reaction (R1)-(R8). To extend the current analysis to
larger clusters we apply the DLPNO-CCSD(T) method. To assess the performance of
the DLPNO method we compare it to the CCSD(T)-F12a/VDZ-F12 calculations for
reaction (R1)-(R4) using different basis sets. The tight settings for DLPNO is also
tested [76]. We use the geometries of all three functionals and both the 6-31++G(d,p)
and 6-311++G(3df,3pd) basis sets yielding a total of 24 values to be tested. Table
2 shows the mean absolute error (MAE), mean signed error (MSE), maximum er-
ror (MaxE) in the calculated binding energy of reaction (R1)-(R4). The presented
standard deviation (σ) is calculated based on the MAE.
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Table 2.: The mean, signed and maximum error in the DLPNO-CCSD(T) binding
energy using different basis sets compared to CCSD(T)-F12a/VDZ-F12 results. The
standard deviation σ is based on the MAE. All values are presented in kcal/mol.

Method MAE MSE MaxE σ

cc-pvdz 2.2 -0.8 4.1 1.2
cc-pvtz 0.8 0.1 2.5 0.8
cc-pvqz 0.4 0.4 1.3 0.4
cc-pvdz, tight PNO 2.4 -1.2 3.8 1.0
cc-pvtz, tight PNO 0.9 -0.2 2.1 0.5

aug-cc-pvdz 0.7 0.5 2.0 0.6
aug-cc-pvtz 0.1 0.0 0.4 0.1
aug-cc-pvdz, tight PNO 0.5 0.3 1.6 0.5
aug-cc-pvtz, tight PNO 0.3 -0.3 0.7 0.3

For cc-pVxZ, with x = D,T and Q the mean absolute errors and maximum errors
decrease with increasing basis set size. The standard deviation (σ) based on the mean
absolute error systematically decreases with increasing cardinal number. For cc-pVQZ
the MAE is identical to the MSE, indicating a systematic underestimation of the bind-
ing energy. Including diffuse functions in the basis set greatly increase the basis set
convergence and an aug-cc-pVTZ basis set is seen to yield low errors compared to
the CCSD(T)-F12a/VDZ calculation. Including diffuse functions yield a result of at
least one cardinal number higher than the cc-pVxZ basis sets. For cc-pVxZ, with x =
D,T using tight PNO, gives higher mean errors, but slightly decrease the maximum
error and the standard deviation. For aug-cc-pVDZ using tight PNO slightly improves
the agreement with the CCSD(T)-F12a/VDZ-F12 binding energy, whereas the agree-
ment is slightly worse for aug-cc-pVTZ. These findings indicate that using DLPNO-
CCSD(T)/aug-cc-pVTZ yield results in good agreement with CCSD(T)-F12a/VDZ-
F12 at a significantly reduced cost and with applicability to larger clusters.

3.1.3. Basis Set Superposition Errors

A major concern when calculating binding energies with a finite basis set is the emer-
gence of basis set superposition errors (BSSE). To estimate the BSSE of clusters
consisting of phosphoric acid, the binding energies were evaluated using DLPNO-
CCSD(T) with aug-cc-pVxZ, with x = D,T, Q and 5 both with and without using the
counterpoise (CP) correction scheme. Figure 1 shows the DLPNO-CCSD(T) binding
energies as a function of cardinal number for the clusters formed in reaction (R1)-(R4)
calculated on top of the M06-2X/6-311++G(3df,3pd) geometries.
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(a) (H3PO4)(H2O) (b) (H3PO4)(NH3)

(c) (H3PO4)(H2SO4) (d) (H3PO4)2

Figure 1.: The DLPNO-CCSD(T) binding energies with and without counterpoise
correction (CP) as a function of cardinal number. The binding energies are presented
in kcal/mol.

It is seen that the uncorrected (UC) and counterpoise (CP) corrected binding ener-
gies are approaching the same value, just from opposite sides, but even using aug-cc-
pV5Z the values do not coincide. Using an aug-cc-pV5Z basis set the values between
the UC and CP binding energies still differ by up to 0.6 kcal/mol for the (H3PO4)2

dimer. Using the smaller aug-cc-pVDZ and aug-cc-pVTZ basis without CP is in better
agreement with the basis set limit than with CP. Assuming the CP aug-cc-pV5Z value
to be closes to the complete basis set limit we can compare this value to the UC value
with smaller basis set to identify the potential error as shown in Table 3.

Table 3.: Calculated error in the uncorrected DLPNO binding energy relative to the
counterpoise corrected aug-cc-pV5Z value. D and T refer to the aug-cc-pVDZ and
aug-cc-pVTZ basis sets, respectively. Values are presented in kcal/mol.

Reaction Cluster D T

(R1) (H3PO4)(H2O) -0.7 -0.5
(R2) (H3PO4)(NH3) -0.7 -0.5
(R3) (H3PO4)2 -0.0 -1.4
(R4) (H3PO4)(H2SO4) -0.1 -1.0
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In all cases the UC value is seen to overbind compared to the CP DLPNO-
CCSD(T)/aug-cc-pV5Z limit. The error does not necessarily go down when using
the larger aug-cc-pVTZ basis set compared to aug-cc-pVDZ. For these systems this
could indicate that if there is a large difference between the calculated binding energy
using the aug-cc-pVDZ and aug-cc-pVTZ basis set one might suspect a large BSSE.
As both the aug-cc-pVDZ and aug-cc-pVTZ basis sets were found to perform well
compared to CCSD(T)-F12a/VDZ-F12 results as shown in previous section, we will
use both when evaluating larger clusters in section 3.2.4.

3.2. Molecular Interaction between H3PO4 and Nucleation Precursors

3.2.1. Molecular Structures

From the systematic sampling technique, four different (H3PO4)(H2O) clusters were
identified, while only two different (H3PO4)(NH3) clusters were found. In Figure 2
the identified conformations with lowest free energy are depicted, calculated at the
M06-2X/6-311++G(3df,3pd) level of theory.

(a) (H3PO4)(H2O) (0.0) (b) (H3PO4)(H2O) (0.4) (c) (H3PO4)(H2O) (0.6)

(d) (H3PO4)(H2O) (2.3) (e) (H3PO4)(NH3) (0.0) (f) (H3PO4)(NH3) (0.3)

Figure 2.: (a)-(d) The four identified conformations of the (H3PO4)(H2O) clusters and
(e)-(f) the two identified conformations of the (H3PO4)(NH3) clusters calculated at
the M06-2X/6-311++G(3df,3pd) level of theory. The relative stability is given in the
parenthesis in kcal/mol.

The different conformations of (H3PO4)(H2O) correspond to different rotations of
the non-bonding P-OH groups. There is only observed a slight elongation of the OH
bond towards the water molecules with a length of 0.986 Å compared to the length of
0.962 Å of the two other OH groups which does not participate in hydrogen-bonding.
For the formation of the (H3PO4)(NH3) cluster the elongation of the OH bond is seen
to be slightly higher with a value up to 1.020 Å. This indicates that the molecular
interaction between phosphoric acid and ammonia is significantly stronger than the
interaction with water.

A total of 45 different conformations of the (H3PO4)(H2SO4) cluster was identified,
with nine being within 3 kcal/mol of the lowest free energy minimum. In the case of
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the (H3PO4)2 dimer 57 conformations were identified, with 17 being within 3 kcal/mol
of the lowest free energy minimum. The potential energy surface for clusters involving
H3PO4 is rather complex and involves numerous conformations. In Figure 3 the lowest
identified three conformations of the (H3PO4)(H2SO4) and the (H3PO4)2 clusters are
shown with their relative stabilities calculated at the M06-2X/6-311++G(3df,3pd)
level of theory.

(a) (H3PO4)(H2SO4) (0.0) (b) (H3PO4)(H2SO4) (0.6) (c) (H3PO4)(H2SO4) (0.7)

(d) (H3PO4)2 (0.0) (e) (H3PO4)2 (1.0) (f) (H3PO4)2 (1.1)

Figure 3.: The three lowest identified conformations of the (H3PO4)(H2SO4) cluster
(a)-(c) and the (H3PO4)2 cluster (d)-(f) calculated at the M06-2X/6-311++G(3df,3pd)
level of theory. The relative stability is given in the parenthesis in kcal/mol.

There is observed hydrogen bonded acid-acid interactions between H3PO4 and
H2SO4. In the (H3PO4)(H2SO4) cluster the sulfuric acid S-OH bond is elongated
up to 1.039 Å, whereas the phosphoric acid OH bond is only 0.991 Å. In case of the
H3PO4 dimer there is seen an elongation of the P-OH bond of up to 1.024 Å in both
H3PO4 molecules, which indicates strong hydrogen bonded interactions.

3.2.2. Thermochemistry

The Gibbs free energies of the clusters formed in reaction (R1)-(R8) are presented
in Table 4. The molecular structures have been geometry optimized using DFT with
either the 6-31++G(d,p) or 6-311++G(3df,3pd) basis set and the single point energy
has been calculated using CCSD(T)-F12a/VDZ-F12. The variation in the calculated
single point energies thereby originate from the slightly different geometries of the
clusters. The standard deviation (σ) between the three calculated Gibbs free energies
are presented in the parenthesis for both basis sets.
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Table 4.: Calculated average reaction free energies of formation for clusters involving
H2O, NH3, (CH3)2NH, H2SO4 and H3PO4. The geometries and frequencies are cal-
culated using DFT with either the 6-31++G(d,p) or 6-311++G(3df,3pd) basis set.
The single point energy is calculated using CCSD(T)-F12a/VDZ-F12. The standard
deviation σ is shown in the parenthesis. All values are shown in kcal/mol.

Reaction Cluster ∆G6-31++G(d,p) ∆G6-311++G(3df,3pd)

(R1) (H3PO4)(H2O) -0.7 (0.2) -0.8 (0.5)
(R2) (H3PO4)(NH3) -2.2 (0.3) -2.2 (0.3)
(R3) (H3PO4)2 -11.8 (0.4) -12.1 (0.2)
(R4) (H3PO4)(H2SO4) -10.0 (0.4) -10.6 (0.8)
(R5) (H2SO4)(H2O) -1.6 (0.1) -1.6 (0.1)
(R6) (H2SO4)(NH3) -5.2 (0.1) -5.6 (0.4)
(R7) (H2SO4)((CH3)2NH) -11.9 (0.9) -11.9 (0.2)
(R8) (H2SO4)2 -5.9 (0.3) -6.3 (0.3)

The reaction free energies are not very dependent on which basis set have been used
for obtaining the geometries and vibrational frequencies, as also indicated in section
3.1.1. It is important to note that the sigma value does not necessarily go down when
increasing the basis set size. In the following we will only comment on the free energies
obtained using the structures optimized with the 6-31++G(d,p) basis set, as this level
of theory will also be used to evaluate larger clusters in the following section.

The interaction between phosphoric acid and water (R1) is relatively weak, with
a reaction free energy of -0.7 kcal/mol. Similarly, is seen for ammonia (R2), with a
reaction free energy of -2.2 kcal/mol. These values are slightly less favourable than
the corresponding values for the interaction between sulfuric acid and water (R5)
and ammonia (R6), with reaction free energies of -1.6 and -5.2 kcal/mol, respectively.
The weaker interaction can be rationalized from the fact that phosphoric acid is
a slightly weaker acid than sulfuric acid. The interaction between phosphoric acid
and sulfuric acid (R4) is strong, with a reaction free energy of -10.0 kcal/mol.
The interaction between phosphoric acid and sulfuric acid is thereby close to the
interaction between dimethylamine and sulfuric acid (R7) with a reaction free
energy of -11.9 kcal/mol. The formation of the phosphoric acid dimer (R3) is twice
as favourable as the sulfuric acid dimer (R8) with a reaction free energy of -11.8
kcal/mol compared to -5.9 kcal/mol. Parts-per-trillion levels of dimethylamine has
recently been shown to mimic ambient atmospheric new particle formation rates
via an acid-base reaction stabilization mechanism. As phosphoric acid shows similar
reaction free energies it could indicate that phosphoric acid could yield a similar
stabilization as dimethylamine, although via an acid - acid stabilization mechanism.
The phosphoric acid - sulfuric acid interaction is significantly more favourable
than the corresponding sulfuric acid dimer formation. This further indicates that
phosphoric acid could be a potential participant in atmospheric new particle formation.

It is curious that phosphoric acid interacts weakly with water and bases, yet
have a strong interaction with sulfuric acid. To further look into this aspect, we
evaluate the gas-phase proton affinities of the two acids. The proton affinities (∆H)
for each reaction have been calculated in a similar manner as the reaction free
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energies:

∆HCCSD(T)* = ∆ECCSD(T) + ∆HDFT
thermal (5)

This is evaluated using all three functionals (M06-2X, PW91 and ωB97X-D) with the
6-31++G(d,p) basis set and CCSD(T)-F12a/VDZ-F12 single point energy corrections.
The presented value is then the average of all three results. All three functionals
predicted the same structures to be lowest in free energy. The lowest free energy
structure of the H3SO4

+ molecule was found to have C3 symmetry, while the lowest
free energy structure of the H4PO4

+ molecule has S4 symmetry, as shown in Figure 4.

(a) H3SO4
+ (b) H4PO4

+

Figure 4.: Molecular structures of (a) H3SO4
+ (C3) and (b) H4PO4

+ (S4) calculated
at the M06-2X/6-31++G(d,p) level of theory.

For sulfuric acid and phosphoric acid we obtain the following proton affinities, with
the standard deviation reported in the parenthesis:

H2SO4 � HSO4
− + H+ (∆H = +312.7 (0.1) kcal/mol)

H3PO4 � H2PO4
− + H+ (∆H = +328.9 (0.1) kcal/mol)

H2SO4 + H+ � H3SO4
+ (∆H = -171.5 (0.2) kcal/mol)

H3PO4 + H+ � H4PO4
+ (∆H = -199.8 (0.2) kcal/mol)

The first two reactions represents the gas-phase acidity of sulfuric acid and phosphoric
acid, while the remaining represents the gas phase basicity. The energy cost for remov-
ing a proton from sulfuric acid is lower than for phosphoric acid, with values of 312.7
kcal/mol and 328.9 kcal/mol, respectively. This suggests that sulfuric acid is a stronger
acid in the gas-phase. Phosphoric acid has a higher gas-phase basicity than sulfuric
acid with proton affinities of -199.8 kcal/mol and -171.5 kcal/mol, respectively. This
difference in acid/base strength explains why phosphoric acid has a weaker interac-
tion than sulfuric acid with water and ammonia and also why the interaction between
sulfuric acid and phosphoric acid is significantly stronger than the direct interaction
between two sulfuric acid molecules.
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3.2.3. Atmospheric Implications

Currently, there is no available information about the atmospheric concentrations of
phosphoric acid. To estimate the atmospheric impact of phosphoric acid, we compare
reaction (R4) with reaction (R8).

H3PO4 + H2SO4 � (H3PO4)(H2SO4) (R4)

H2SO4 + H2SO4 � (H2SO4)2 (R8)

Assuming mass-balance relations the following two equilibrium conditions are set up:

K1 =
[(H2SO4)2]

[H2SO4]2
(6)

K2 =
[(H3PO4)(H2SO4)]

[H3PO4][H2SO4]
(7)

To estimate at which point phosphoric acid becomes equally as important as sulfuric
acid we set [(H2SO4)2] = [(H3PO4)(H2SO4)] and obtain:

K1[H2SO4]2 = K2[H3PO4][H2SO4] (8)

K1

K2
=

[H3PO4]

[H2SO4]
exp

(
−∆∆G

RT

)
(9)

Here ∆∆G refer to the difference in reaction free energy between the formation of
(H2SO4)2 and (H3PO4)(H2SO4). From Table 4 this corresponds to a ∆∆G-value of -
4.1 kcal/mol. Atmospheric concentrations of sulfuric acid is typically found in the range
105-107 molecules/cm3. This implies that concentrations of H3PO4 approximately 103

lower than sulfuric acid (i.e as low as 102-104 molecules/cm3) will yield the same
stability for forming the dimer cluster. The formation of new particles have previously
been shown to be very dependent on the formation of sulfuric acid dimers as a starting
point for further growth [77]. These findings indicate that very low concentrations of
phosphoric acid can potentially stabilize sulfuric acid clusters. It should, however, be
noted that despite the high thermodynamic cluster stabilities, also kinetic limitations
will inevitably restrict the atmospheric role of H3PO4 if its concentration is much lower
than that of H2SO4. Since the stabilization between dimethylamine and sulfuric acid
involves a proton transfer it implies that the acid to base ratio is required to be around
1. In case of the interaction between phosphoric acid and sulfuric acid there are still
two P-OH groups available for further hydrogen bonding. In the following section we
will investigate larger clusters involving phosphoric acid and sulfuric acid. This will
allow the identification of whether a single phosphoric acid is able to stabilize several
sulfuric acid molecules in larger clusters.
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3.2.4. Larger Clusters

To explore the potential to form larger clusters we have calculated the reaction free
energy for forming the (H3PO4)(H2SO4)2 cluster (R10):

H2SO4 + H2SO4 � (H2SO4)2 (R8)

(H2SO4)2 + H2SO4 � (H2SO4)3 (R9)

(H3PO4)(H2SO4) + H2SO4 � (H3PO4)(H2SO4)2 (R10)

The formation of the sulfuric acid dimer (R8) and trimer (R9) is included for com-
parison. The geometry and vibrational frequencies were calculated using M06-2X,
PW91 and ωB97X-D using the 6-31++G(d,p) basis set. The molecular structure of
the (H3PO4)(H2SO4)2 cluster was obtained in a similar fashion as outlined in section
2 and the lowest free energy conformation is depicted in Figure 5, calculated at the
M06-2X/6-31++G(d,p) level of theory.

Figure 5.: Molecular structure of the (H3PO4)(H2SO4)2 cluster, calculated at the M06-
2X/6-31++G(d,p) level of theory.

The molecular structure involves a proton transfer from a sulfuric acid molecule to
phosphoric acid, effectively making phosphoric acid act as a base in the cluster. This
formally leads to the formation of a charge separated (HSO4

–)(H2SO4)(H4PO4
+) clus-

ter. The reaction free energy for the formation of the clusters in (R8)-(R10) is shown
in Table 5. The single point energy has been corrected using DLPNO-CCSD(T) with
both the aug-cc-pVDZ and aug-cc-pVTZ basis sets, and the final free energy is calcu-
lated as an average of all three values. As usual the uncertainty is estimated as one
standard deviation (σ).
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Table 5.: Calculated average reaction free energies for clusters involving H2SO4
and H3PO4. The geometries and frequencies are calculated using DFT with the 6-
31++G(d,p). The single point energy is calculated using DLPNO-CCSD(T) with ei-
ther the aug-cc-pvdz (D) or aug-cc-pvtz (T) basis set. The standard deviation σ is
shown in the parenthesis. All values are shown in kcal/mol.

Reaction Cluster D T

(R8) (H2SO4)2 -4.8 (1.2) -6.0 (0.0)
(R9) (H2SO4)3 -4.7(0.4) -5.1 (0.3)
(R10) (H3PO4)(H2SO4)2 -7.0 (0.8) -7.1 (1.6)

For the formation of the (H3PO4)(H2SO4)2 cluster in reaction (R10) there is seen
little difference between the results obtained using aug-cc-pVDZ and aug-cc-pVTZ.
The formation of the sulfuric acid dimer (R8) show larger deviations between the two
basis sets, but the values are still within one standard deviation. In the formation
of the sulfuric acid trimer (R9) the two calculated values correspond rather well.
Based on the DLPNO/aug-cc-pVTZ results the calculated reaction free energy for
forming the (H3PO4)(H2SO4)2 cluster via reaction (R10) is found to be -7.1 kcal/mol
with a σ-value of 1.6 kcal/mol. As a comparison the reaction free energy for forming
the sulfuric acid dimer (R8) or trimer (R9) is found to be -6.0 kcal/mol and -5.1
kcal/mol, respectively. This suggests that the incorporation of phosphoric acid in even
the smallest clusters enhances the further uptake of sulfuric acid molecules significantly
compared to pure sulfuric acid clusters. This shows that phosphoric acid might act
as an elusive participant in atmospheric new particle formation most likely going
undetected due to minuscule concentrations. Field studies with focus on measuring
phosphoric acid concentrations might thereby be valuable in the future.

4. Conclusions

We have investigated the molecular interaction between phosphoric acid and common
atmospheric precursors (H2O, NH3 and H2SO4) for new particle formation. The in-
teraction between phosphoric acid and water/ammonia is found to be weaker than
the corresponding interaction between sulfuric acid and water/ammonia. Phosphoric
acid form strong hydrogen bonded clusters with sulfuric acid, with a stabilizing ef-
fect of similar magnitude as dimethylamine. The formation of the phosphoric acid
dimer is found to be twice as favourable as the sulfuric acid dimer. The strong inter-
action between phosphoric acid and sulfuric acid indicates that concentrations as low
as 102-104 molecules/cm3) will yield identical stability as the sulfuric acid dimer. This
indicates that low concentrations of phosphoric acid could potentially be important in
the initial steps in new particle formation, by stabilizing existing sulfuric acid clusters.
Furthermore, we identify that even a single phosphoric acid molecule is able to further
enhance the uptake of sulfuric acid molecules.
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