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Cluster Structures and Gibbs Free Binding Energies

As stated in the main text, we have used cluster structures of our previous works as a
base of our study.'™ For cluster structures not studied before, we have performed a new
configurational sampling procedure, explained below. In addition, if some previously found
cluster structures seemed to be outlying from the general trends, we have re-sampled them
to find a better configuration.

First, we used a recently introduced genetic algorithm, the Artificial Bee Colony (ABC)
algorithm,® to explore the Potential Energy Surface (PES) of the desired molecular clus-
ter. We utilized the ABCluster program,®® which uses ABC to explore the PES of clus-
ters composed of rigid molecular units. Assuming rigidity of molecules is no problem since
the molecular clusters will be optimized in the further steps. Thus, assuming all possi-
ble combinations of molecular units (isomers and protonation states) we explored the PES
on the Molecular Mechanics (MM) level with Force Field (FF) parameters taken from the
CHARMM database.”® We used the following ABCluster specification: 2000 initial random
guesses, 100 generations (exploration loops) and 5 scout bees, and saved 5000 energetically
lowest-lying local minima for each combination of molecular units.

Second, all structures found by ABCluster were re-optimized by the tight-binding semi-
empirical program GFN-zTB with very tight optimization criteria.® Many of the structures
relaxed to the same minimum on the PES. Thus, we removed all redundant structures based
on the total GFN-zTB energy and the radius of gyration (a geometry property incorporating
cluster size and mass distribution). Two structures were combined if the total GFN-2TB
energy difference was lower than 0.001 Hartree and the gyration radius difference was lower
than 0.01 Angstrom. We also removed energetically high-lying local minima, if the relative
total GFN-2TB energy with respect to the energetically lowest-lying structure was higher
than 5x N kcal/mol, where N is the number of molecules in the cluster.

The next step was optimization at the wB97X-D/6-31++g** level of theory!® with very

tight optimization criteria. However, not all structures from the GFN-2TB step were used
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due to a large amount of minima configurations remaining that fulfilled all above listed
conditions. First, we did a uniform sampling/selection of 50 structures based on their GFN-
xTB energy and radius of gyration. Second, after optimization of these 50 structures on
DFT level of theory, we re-selected another 50 structures from the GFN-2TB step around
the structures chosen in the primary selection. This set formed the lowest-lying structures
on DFT level of theory. Thus, we selected overall 100 structures after the GFN-2TB step.
Finally, for few energetically lowest-lying cluster structures (02N kcal/mol, where N is
the number of molecules in the cluster), we performed vibrational frequency analysis to obtain
thermal corrections for the free energies. On top of the 2-5 lowest DF'T free energy structures,
we calculated the single point electronic energy corrections using DLPNO-CCSD(T)/aug-
cc-pVTZ level of theory. The DLPNO single point energy and the DFT thermal correction
were used to calculate the Gibbs free energy of the cluster. The Gibbs free binding energies

for the global minimum energy clusters are calculated as:

AG = Gcluster - Z Gmonomers,i- (1)

As mentioned, the Gibbs free binding energy is a sum of the DLPNO binding energy (AFE)

and the DFT thermal contribution (AGhermal), calculated as
AG = AE + AGThermal- (2)

Table S1 presents AE, AGrhermar and AG. The compounds are referred to as follows:
A=sulfuric acid, N=ammonia, D=dimethylamine, G=guanidine, B=bisulfate and P=proton.

The corresponding cluster structures in xyz format are found in the supplementary zip folder.
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Table S1: Binding energies (AFE, DLPNO), thermal contributions to the Gibbs free energy
(AGTherma, DFT) and Gibbs free binding energies (AG, DLPNO//DFT). All values are in
kecal /mol, AGThermal and AG are calculated at 298.15 using RRHO approximation.

Cluster AFE AGThermal  AG
1AIN -16.433 9.674 -6.759
1A2N -31.280 19.711 -11.569
1A3N -43.184 33.445 -9.739
1A4N -55.680 45.252 -10.427
2A1N -46.742 25.380 -21.362
2A2N -66.389 37.463 -28.926
2A3N -82.373 50.157 -32.216
2A4N -95.896 61.380 -34.515
3A1IN -67.730 37.106 -30.625
3A2N -94.650 50.837 -43.813
3A3N -119.675 63.878 -55.798
3A4N -139.217  79.208 -60.009
4A1N -89.101 51.613 -37.488
4A2N -121.308 67.715 -53.593
4A3N -147.440 79.872 -67.568
4A4N -173.116  89.714 -83.402
2N -3.187 6.934 3.747
3N -10.703 19.198 8.495
4N -16.595 29.850 13.254
1B1IN -10.519 11.742 1.224
1B2N -18.836 20.001 1.165
1A1BIN -59.246 27.076 -32.170
1A1B2N -69.183 38.538 -30.645
2A1BIN -97.249 41.036 -56.213
2A1B2N -114.240 51.916 -62.324
2A1B3N -131.945 65.654 -66.325
3A1BIN -126.408 52.311 -74.098
3A1B2N -151.355 67.207 -84.148
3A1B3N -173.355 81.412 -91.942
3A1B4N -196.468 97.104 -99.232
4A1BIN -155.362 67.777 -87.585
4A1B2N -179.504 80.065 -99.439
4A1B3N -209.649 94.894 -114.756
4A1B4N  -224.474 105.423 -119.051
1P2N -26.281 7.202 -19.079
1P3N -46.015 18.098 -27.917
1P4N -60.051 21.935 -32.830
1P5N -75.667  34.809 -40.858
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1A1PIN
1A1P2N
1A1P3N
1A1P4N
1A1P5N
2A1PIN
2A1P2N
2A1P3N
2A1P4N
2A1P5N
3A1P3N
3A1P4N
3A1P5N
4A1P4N
4A1P5N
1A1D
1A2D
1A3D
1A4D
2A1D
2A2D
2A3D
2A4D
3A1D
3A2D
3A3D
3A4D
4A1D
4A2D
4A3D
4A4D
2D

3D

4D
1B1D
1B2D
1A1B1D
1A1B2D
2A1B1D
2A1B2D
2A1B3D
3A1B1D
3A1B2D
3A1B3D
3A1B4D

-21.279
-55.088
-74.080
-90.996
-108.197
-47.851
-82.511
-115.137
-132.884
-150.004
-138.154
-168.922
-187.215
-192.803
-228.170
-24.819
-40.462
-97.275
-71.532
-58.921
-90.137
-111.094
-126.846
-84.855
-120.432
-154.415
-178.359
-105.456
-144.846
-179.242
-213.369
-5.042
-14.493
-23.794
-13.207
-24.328
-70.197
-84.320
-106.951
-133.061
-154.180
-134.801
-170.166
-195.297
-219.245
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5.914 -15.365
19.524  -35.564
30.104  -43.975
39.969  -51.027
51.044  -56.952
20.672  -27.180
33.532  -48.978
47.440  -67.697
56.720  -76.164
65.851  -84.153
59.693  -78.461
73.662  -95.260
85.253  -101.962
86.155  -106.648
101.998 -126.172
11.284  -13.535
23.234  -17.227
36.394  -20.881
50.226  -21.306
26.287  -32.634
41.564  -48.574
55.169  -55.925
66.712  -60.134
40.667  -44.188
55.775  -64.657
71.166  -83.249
85.309  -93.051
54.449  -51.007
69.843  -75.004
83.415  -95.827
97.940  -115.429

9.366 4.324
20.991  6.498
29.633  5.839
12.991  -0.216

23.172  -1.156
28.490  -41.707
41.011  -43.309
41.579  -65.371
56.689  -76.372
70.495  -83.686
54.872  -79.929
70.638  -99.528
83.973  -111.324
101.100 -118.145



4A1B1D
4A1B2D
4A1B3D
4A1B4D
1P2D
1P3D
1P4D
1P5D
1A1P1D
1A1P2D
1A1P3D
1A1P4D
1A1P5D
2A1P1D
2A1P2D
2A1P3D
2A1P4D
2A1P5D
3A1P3D
3A1P4D
3A1P5D
4A1P4D
4A1P5D
1A1G
1A2G
1A3G
1A4G
2A1G
2A2G
2A3G
2A4G
3A1G
3A2G
3A3G
3A4G
4A1G
4A2G
4A3G
4A4G
2G

3G

4G

-162.690
-207.598
-241.279
-273.940

-24.908
-44.506
-56.313
-67.728
-19.343
-63.088
-92.305

-111.390
-129.838

-39.520
-91.584

-133.102
-162.995
-185.235
-157.622
-199.011
-230.617
-223.576
-263.655

-30.345
-52.747
-76.585
-97.699
-65.589

-106.176
-129.138
-150.019

-91.208

-138.199
-178.926
-214.788
-113.420
-161.413
-213.363
-269.588

-13.567
-27.759
-49.213
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68.157
86.072
101.698
118.960
9.182
20.311
31.010
44.177
8.990
22.505
37.373
49.229
61.392
21.241
35.393
50.947
65.504
79.626
65.200
80.104
97.488
93.344
107.864
10.044
23.937
38.060
51.765
27.227
37.930
55.360
66.192
39.927
55.189
67.737
81.387
53.471
67.611
82.747
99.840
11.328
24.688
38.883

-94.534
-121.527
-139.580
-154.980
-15.726
-24.195
-25.304
-23.551
-10.354
-40.583
-54.932
-61.934
-68.446
-18.279
-56.191
-82.155
-97.491
-105.609
-92.422
-118.907
-133.130
-130.233
-155.790
-20.302
-28.809
-38.525
-45.934
-38.362
-68.247
-73.778
-83.826
-51.281
-83.011
-111.189
-133.401
-59.948
-93.802
-130.616
-169.748
-2.239
-3.071
-10.330



1B1G
1B2G
1A1B1G
1A1B2G
2A1B1G
2A1B2G
2A1B3G
3A1B1G
3A1B2G
3A1B3G
3A1B4G
4A1B1G
4A1B2G
4A1B3G
4A1B4G
1P2G
1P3G
1P4G
1P5G
1A1P1G
1A1P2G
1A1P3G
1A1P4G
1A1P5G
2A1P1G
2A1P2G
2A1P3G
2A1P4G
2A1P5G
3A1P3G
3A1PAG
3A1P5G
4A1PAG
4A1P5G
2A

3A

4A
1A1B
2A1B
3A1B
4A1B

-21.563
-44.943
-71.817
-117.100
-150.481
-178.731
-99.152
-158.606
-197.222
-223.469
-184.365
-233.876
-266.749
-275.856
-314.018
-28.627
-52.232
-72.036
-88.317
-19.917
-69.606
-103.704
-120.782
-148.753
-41.233
-93.668
-144.459
-180.443
-206.754
-169.544
-221.984
-258.888
-251.241
-293.456
-18.958
-37.797
-56.320
-48.364
-78.291
-105.120
-124.215

10.558
27.296
21.375
42.689
56.253
69.906
40.500
04.321
73.133
85.811
72.696
83.680
97.873

101.957
113.462

9.909

21.005
31.573
47.432
10.449
20.300
32.990
49.165
64.248
20.834
35.120
50.910
64.274
80.566
66.634
83.139
93.617
95.151

108.633

11.410
24.634
34.358
14.530
27.099
39.503
52.852

-11.231
-17.217
-50.441
-58.651
-74.411
-104.285
-111.669
-94.229
-124.089
-150.197
-173.899
-108.825
-137.658
-168.876
-200.556
-18.336
-31.227
-40.463
-40.885
-9.206
-49.306
-70.714
-71.617
-84.505
-19.866
-58.548
-93.550
-116.170
-126.188
-102.909
-138.845
-165.271
-156.090
-184.823
-7.547
-13.163
-21.962
-33.834
-51.192
-65.617
-71.363
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Evaporation Rates

The evaporation rates of the clusters are obtained from the Gibbs free binding energies AG

of the evaporating cluster and its products as

(3)

B pref AGi—l—j B AG@ - AG]
'7 (i4+7)—i,d — Mij /{7 T /{ZBT .

The collision coefficients for neutral-neutral collisions are computed from kinetic gas theory

3\Y¢ 1 1\1"° 1/3 1/3\2
Bij = <E) [61{3BT (E + E)} (V; +V; ) ) (4)

1 J

as

where m; and V; are the mass and volume of cluster i, respectively. The volumes are cal-
culated using bulk liquid densities (1830, 696, 680 and 1550 % for sulfuric acid, ammonia,
dimethylamine and guanidine, respectively) assuming spherical clusters and ideal mixing.
In collisions between ions and neutral molecules or clusters, the collision cross section
is larger than that predicted from the physical dimensions of the colliding systems due to
their long-range attraction.!! For the neutral-ion collision coefficients we have applied the
approach by Su and Chesnavich, ' who performed trajectory simulations of collisions between

a point charge and a rigidly rotating molecule. The collision frequency is dependent on three

1/2 1/2
L _ (L1 5 1 Ty
ﬁi»]' = 4 (mI + mj> ( E()]>
o _ ol (10, 1
I T oog (mI + mj>

Hy
(8meqarjkpT) 1/2

reduced parameters:

X =

where ¢; is the charge of the ion, a;, u;, and I are the polarizability, dipole moment, and

moment of inertia of the neutral molecule, respectively, and ¢, is the vacuum permittivity.

0.74+xz2

51065 the collision rate was observed to be independent

At low values of I*, i.e. when [* <
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of I*, and a fit to the simulated data produced the parametrization

Z.LJ (0.4767z + 0.6200) , r>2

BE (S5 + 0.9754) , @ <2,

Bij = (5)

The parametrization has been compared with experimental collision rates and was found to

give a good correspondence. !

Figure S1 shows the evaporation rates of all studied clusters.
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Figure S1: Evaporation rates of sulfuric acid clusters with guanidine (left), dimethylamine
(middle) and ammonia (right). First row: neutral clusters, second row: anionic cluster (each
cluster contains one bisulfate ion) and third row: cationic clusters (each cluster contains one
protonated base).
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Cluster Population Dynamics Simulations

The time evolution and behavior of a population of clusters of different sizes and compo-
sitions is obtained by integrating the time derivatives of the cluster concentrations using
the Atmospheric Cluster Dynamics Code.!3 These birth-death equations include all possible
processes where the clusters can be formed or destroyed. For cluster i of a given composition,
the time derivative is

1
5 Z Bj,(i—j)Cj + Z V(i+4) —>z,] (i+5) Z /Bl,jC C
J

j<t

% Z Viosji—iCi + 5i — LiCi,

j<i
where C; is the concentration of cluster 4, 3; ; is the collision rate coefficient between ¢ and
J» Vi+j)—i,; is the evaporation rate coefficient of cluster (i+ j), S; is an external source term,
and L; is an external loss term corresponding to coagulation onto pre-existing surfaces. The
loss rate L; was assumed to depend on cluster size according to the parametrization by

Lehtinen et al.'*

The reference loss rate, corresponding to a sulfuric acid molecule, was set
to 1072 s, and the scavenging coefficient m to —1.6 corresponding to typical atmospheric

conditions. ACDC is available from the authors upon request.

Boundary Conditions

By boundary conditions we refer to the smallest clusters outside of the simulation box which
can be assumed to be stable (evaporation rate < 107" s7'). This selection has been done
based on the evaporation rates presented in Figure S1. The following boundary conditions
are used in the particle formation simulations:

- Neutral sulfuric acid—guanidine: 5A4G and 4A5G

- Anionic sulfuric acid—guanidine: 5A1B4G and 4A1B5G

- Cationic sulfuric acid—guanidine: 5A5G1P and 4A6G1P

- Neutral sulfuric acid—dimethylamine: 5A4D
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- Anionic sulfuric acid—-dimethylamine: 5A1B4D
- Cationic sulfuric acid—-dimethylamine: 4A6D1P
- Neutral sulfuric acid-ammonia: 5A4N

- Anionic sulfuric acid-dimethylamine: 5A1B3N

- Cationic sulfuric acid—dimethylamine: 5A5N1P.

Electrically Neutral Particle Formation

Based on the Gibbs free energies, we simulated new-particle formation rates with the ACDC

model and compared the results to atmospheric measurements, !>17

investigating which sim-
ulated base concentrations yield NPF rates close to the measurements. It should be noted
that our simulations consider only a single base at a time and the effect of hydration has not
been considered, whereas atmospheric measurements include contributions of multiple com-
pounds and synergistic effects might have a significant role. Figure S2 shows the simulated
NPF rates considering only electrically neutral molecular clusters for each base, together
with the rates deduced from measurements. The figure includes NPF rates at four differ-
ent base concentrations that yield results close to the experimental rates at atmospherically
relevant sulfuric acid vapor concentrations.

In the case of guanidine and sulfuric acid, a guanidine concentration of 0.001-1 ppty,
is needed to yield NPF rates of the magnitude of the observations. In the sulfuric acid-
dimethylamine case, dimethylamine concentration of 0.1-100 ppty, is needed, and ammonia-
enhanced particle formation requires 102-107 ppt+, of ammonia. However, as stated above,
these results address two-component systems: it has been demonstrated that the presence of
ammonia increases particle formation when added to a two-component sulfuric acid—amine
system. 1819 Due to the fact that in the atmosphere ammonia is in practice always present,
it can thus be assumed that even lower dimethylamine concentrations can produce NPF

rates of the order of the observations.
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