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ABSTRACT: We report a systematic study of small silver clusters, Ag,, Ag,*, and Ag,~,
n = 1-7. We studied all possible isomers of clusters with n = 5—7. We tested 42
exchange—correlation functionals, and we assess these functionals for their accuracy in
three respects: geometries (quantitative prediction of internuclear distances), structures
(the nature of the lowest-energy structure, for example, whether it is planar or
nonplanar), and energies. We find that the ingredients of exchange—correlation
functionals are indicators of their success in predicting geometries and structures: local
exchange—correlation functionals are generally better than hybrid functionals for
geometries; functionals depending on kinetic energy density are the best for predicting
the lowest-energy isomer correctly, especially for predicting two-dimensional to three-

g0
Ingredients of 99
density functional T Geometry
ARSI
2
J/‘ 9
Energy / \ijructure
9 2
‘} 9| o 9
9
+ &
o 9

dimenstional transitions correctly. The accuracy for energies is less sensitive to the
ingredient list. Our findings could be useful for guiding the selection of methods for

computational catalyst design.

1. INTRODUCTION

Metal clusters and nanoparticles are important in chemistry and
materials science because of their uniqlue properties that are
different from those of bulk materials. > Silver clusters and
nanoparticles are of special interest for their roles in
photography* and catalysis,”® and a variety of experimental
techniques’ "7 and quantum mechanical computations'®™>*
have been used to study the properties of silver clusters.
Cluster properties vary significantly with size and struc-
ture,">>7 713191733735 yhich is one reason why they are so
interesting. To understand the properties of silver clusters, we
need to study both geometrical and electronic structures. One
theoretical method widely used for studying silver clusters is
Kohn—Sham density functional theory, although its accuracy
for metal clusters is less well validated than its accuracy for
many other properties. Kohn—Sham theory would be exact if
the exact exchange—correlation (xc) functional were known
and were used; however, the exact xc functional is unknown
and essentially unknowable. Therefore, one must use
approximate xc functionals, and this necessity leads to
questions: Which, if any, of the xc functionals are reliable for
metal clusters? Which of them give the most accurate results for
geometries, structures, and energies of metal clusters? The
answers are important in the short term for guiding choices of
functionals for applications and in the long term for designing
better density functionals. A particularly noteworthy previous
study of this question is the work on neutral Ag clusters by
Chen et al;*° among many interesting results, they found that
of six exchange—correlation functionals studied, the TPSS and
MO6 exchange—correlation functionals agree best with CCSD-
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(T) wave function calculations for the relative energies of Ag,
and Agg.

In recent decades, a number of new xc functionals have been
developed. Our group tested xc functionals against reliable
experimental data for 3d and 4d transition metal atoms, ions,
and compounds.”” >* In the present work, we choose a few of
the more successful and more popular xc functionals from the
literature and assess their reliability for small silver clusters in
three respects: (1) geometries, (2) structures, and (3) energies.
(1) Geometries determined from experiments are limited to
Ag, and Ag,~.'®'® On the basis of available validation
tests,”>**** we chose coupled cluster theory with single and
double excitations and quasiperturbative connected triple
excitations (CCSD(T))* to optimize the structures of isomers
of Ag, 4, Ag,_,", and Ag, ;. We used data from experiments
and CCSD(T) calculations as reference data to assess the xc
functionals in terms of the mean unsigned error of bond
lengths. (2) Structures of small silver clusters are well-
established. For example, the structure of silver trimer is a
Jahn—Teller-distorted C,, obtuse isosceles triangle, and the
structure of silver tetramer is a C,; rhombus. Joint theoretical
and experimental investigations”*"> identified the lowest-
energy isomers for Ag, Ag,", and Ag,” (3 < n < 7) clusters.
We performed a systematic search for these cluster sizes to find
not only the lowest-energy isomers but also all possible
isomers, and then we tested which of the xc functionals are able
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to predict the lowest-energy isomers correctly. (3) Exper-
imental values are available for dissociation energies of Ag,” and
Ag,” (n = 2=7),"""? vertical ionization potentials of Ag;_,"
and vertical detachment energies of Ag;_,™."> We calculated all
these types of energies with each xc functional and then
compared them to the reference data from the experiments and
to our CCSD(T) calculations on small neutral clusters.

2. COMPUTATIONAL DETAILS

In our calculations, all silver clusters are in the lowest possible
spin states (singlets and doublets) except for the Dy structure
of Ag;™, which is in triplet spin state.

2.1. Test of Method for Generating Reference Data.
For reference data, we used CCSD(T), as explained in section
1. All of our CCSD(T) calculations are carried out with the
Molpro software package.*"**

Peterson and Puzzarini’® developed pseudopotential corre-
lation-consistent polarized valence basis sets (cc-pVnZ-PP, n =
D, T, Q 5), diffuse-function-augmented versions (aug-cc-
pVnZ-PP, n = D, T, Q, S) of these basis sets, and polarized
outer-core and valence versions (cc-pwCVnZ-PP, n =D, T, Q,
5). For silver, these are based on small-core (28 electrons
replaced by pseudopotential) relativistic pseudopotentials.*
Peterson and Puzzarini®’ and Huang and Watts*® did
CCSD(T) calculations for Ag, and Ag, ~, respectively, with
polarized valence basis sets and a correction (ACV) for core—
valence correlation as the lowering in energy when upgrading
the calculation to a polarized outer-core and valence basis set
(ie, in the notation below, from pV to pwCV). Table 1 shows

Table 1. CCSD(T) Calculated Internuclear Distances
(Angstroms) of Ag, and Ag,”

basis set Ag,* Ag,”

only valence polarization  aug-cc-pVDZ-PP  2.5675 2.6995
aug-cc-pVITZ-PP  2.5454 2.6701
aug-cc-pVQZ-PP  2.5377 2.6616
aug-cc-pVSZ-PP 2.5339

ACV cc-pwCVDZ-PP —-0.0113  —0.0171
cc-pwCVTZ-PP —0.0110 —0.0148
cc-pwCVQZ-PP —0.0113
cc-pwCVSZ-PP —0.0111

ASO aug-cc-pVTZ-PP  —0.0012

exptl. 2.5303 2.654 + 0.007

“Ref 20. PRef 23. “Refs16 and17. In ref 17, the internuclear distance of
Ag,” was determined to be r, + 0.124 + 0.007 A, where 7. is the
internuclear distance of Ag,. The reference paper used an uncertain
assignment 7, = 2.480 A. Here, we substitute r, with the more accurate
value 2.5303 A and get the internuclear distance of 2.654 + 0.007 A for
Ag,”.

the results (from the literature as indicated in the table,
although we did repeat all the calcuations) of CCSD(T)
geometry optimizations with various basis sets on Ag, and
Ag,”, indicating that the aug-cc-pVQZ-PP basis set gives
converged geometries at the polarized valence level, and cc-
pwCVDZ-PP is already converged for the effect of ACV on
geometry.

Spin—orbit (SO) interaction was also calculated by Peterson
and Puzzarini using internally contracted multireference
configuration interaction (MR-CISD) calculations** with aug-
cc-pVTZ-PP basis set for Ag,, and the results in Table 1
indicate that the effect of SO coupling decreases the
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equilibrium interatomic distance (r,) but only by 0.001 A.*°
Therefore, we did not include SO interaction in the rest of our
calculations.

2.2. Reference Data. As a result of the tests detailed in
section 2.1, we used the aug-cc-pVQZ-PP basis set in our
polarized valence CCSD(T) calculations and the cc-pwCVDZ-
PP basis set to calculate the core—valence correlation effect.

2.3. Density Functional Calculations. The exchange—
correlation functionals studied in this article®>*~* are listed in
Table 2, where they are classified in terms of their type. The
simplest form of xc functional is a local-spin-density
approximation (LSDA), which is dependent only on spin-up
and spin-down electron densities (p,, 6 = @, #). A more general
form of the xc functional is the generalized gradient
approximation (GGA), which is dependent on p, and its
gradient Vp,, approximates density functional exchange (which
includes static correlation) and dynamical correlation sepa-
rately, and therefore has a separable form for exchange. If the
density functional approximation depends only on these same
ingredients but with a nonseparable form, it is called
nonseparable gradient approximation (NGA). If the xc
functional is also dependent on kinetic energy densities (z,),
it is called a meta-GGA or meta-NGA. If a meta-GGA employs
a different treatment of the short-range and long-range regions
of interelectronic separation, it is called a range-separated (RS)
meta-GGA. In all the types mentioned so far, the functional
depends on local values of the independent variables; such
functionals are called local. Including nonlocal dependencies
yields a hybrid functional. If a constant percentage of Hartree—
Fock exchange is used, the functional is called a global-hybrid
functional; if the short-range and long-range regions of
interelectronic separation are treated by mixing different
percentages of Hartree—Fock exchange with local exchange,
the functional is called a range-separated hybrid functional.

In our Kohn—Sham calculations, we used a basis set that
involves a small-core relativistic pseudopotential.*> We tested
correlation-consistent basis sets ((aug)-cc-p(wC)VnZ-PP))>°
as well as efficient diffuse-function-augmented basis sets,
prefixed with maug, may, and jun as explained previously.%’87
We found that Kohn—Sham calculations are not very sensitive
to core functions in basis sets but are relatively more sensitive
to diffuse functions. Considering both accuracy and cost, we
finally chose the jun-cc-pVTZ-PP basis set. We use pruned
grids with 99 radical shells and 590 angular points per shell
(keyword “ultrafine” in Gaussian 09). All Kohn—Sham
calculations are carried out with a locally modified version,
MNGEM-6.4, of Gaussian 09.5%%°

2.4. Structure Searching. To systematically study Ag;_,
clusters, we use the coalescence kick algorithm® to systemati-
cally search for all possible isomers of each size of cluster. This
method randomly generates a large number of structures by
generating and pushing atoms from random directions toward
the center; then, these structures are optimized to the nearest
local minima or saddle point structures using the Kohn—Sham
method. We first search for structures of neutral clusters, and
then we use them as starting structures to further search for
cationic and anionic structures. In our studies of neutral and
charged silver clusters, we found that N12 is very good for
geometries, with a mean unsigned error of bond length of only
0.009 A, so we used N12 in all the searches. For all clusters with
one imaginary frequency (saddle point structures), we also
perform minimum energy path calculations to find their
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Table 2. Tested xc Functionals

type functional refs
LSDA GVWN3 36, 45, 46
GGA BLYP 48, 49
BP86 48, 51
MOHLYP 53
mPWLYP 49, 5§
mPWPW91 55, 56
OreLYP 49, 57, S8
PBE 60
PBEsol 62
PWI1 56
RPBE 65
SOGGA 67
NGA NI12 69
meta-GGA MO06-L 71
TPSS 73
revIPSS 75
7-HCTH 76
RS meta-GGA M11-L 78
meta-NGA MNI12-L 81
global-hybrid GGA BILYP 83
B3LYP 85

type functional refs
global-hybrid GGA B97-1 47
B97-3 S0
B3PWI1 52
BHandH 54
BHandHLYP 54
MPWLYP1IM S3
MPW3LYP 59
O3LYP 61
PBEO 63
SOGGAI1-X 64
global-hybrid meta-GGA BMK 66
Mos 68
Mo6 70
TPSSh 72
TPSSI1KCIS 72, 74, 75
T HCTHhyb 76
range-separated hybrid GGA CAM-B3LYP 77
HSE06 79, 80
range-separated hybrid meta-GGA Mi11 82
range-separated hybrid NGA N12-SX 84
range-separated hybrid meta-GGA MN12-SX 84

connections to local minima. The results are shown in
Supporting Information (Figures $2—S10).

3. RESULTS AND DISCUSSION

First we test the accuracy of xc functionals for geometries.
Internuclear distances of Ag, and Ag,” have been determined
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Figure 1. Neutral and charged silver clusters used in geometry studies.

from spectroscopy experiments.lé’17 We use CCSD(T)/aug-cc-
pVQZ-PP plus core—valence correlation functions (CCSD(T)/
cc-pwCVDZ-PP) method to optimize the lowest-energy
isomers of Ag,", Ag;, Ags*, Agy™, Ag,, as well as other isomers:
a D, structure of Ags, a D, structure of Ag;*, a Dy, structure
of Ag;™, and a C,, structure of Ag, Figure 1 shows the
structures of 11 neutral and charged silver clusters used as
reference data for geometries. Because the D, structure of Ag,
has two different bond lengths, the C,, structure of Ag, has
three different bond lengths, and each of the other structures
has one unique bond length, there are 14 bond lengths in total.
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We optimized these structures using the Kohn—Sham method
with 42 xc functionals in Table 2, and we compare the 14 bond
lengths with reference data from experiments and CCSD(T)
calculations.

We note that the structure of Ag; is not an equilateral
triangle because of the Jahn—Teller effect. Previous work
predicted that the structure has C,, symmetry with a bond
angle between 65 and 80 degrees,31’32 and we found that most
of our density functional theory (DFT) calculations agree with
that prediction. The accuracy of xc functionals for geometry in
terms of mean unsigned error of bond length is shown in Table
3 along with the percentage of Hartree—Fock exchange. We can
see that although there are fewer local functionals than hybrid
functionals in the test set (19 local functionals and 23 hybrid
functionals), 7 out of the 10 best performing functionals are
local functionals, and the two best performing functionals,
TPSS and N12, are both local functionals. Only 3 of the 10 best
functionals are hybrid functionals, and two of these have
relatively low percentages of Hartree—Fock exchange, in
particular 10% and 15%. We conclude that including
Hartree—Fock exchange in xc functionals does not generally
improve the geometry predictions for silver clusters, and this is
consistent with our experience on other metals.

Next we examine how well the xc functionals are able to
predict the correct structures. There is more than one isomer
for each silver cluster containing more than two atoms, so it is
important to see if the xc functionals are able to correctly
predict the lowest-energy isomer for each cluster. The lowest-
energy isomers of neutral, cationic, and anionic silver clusters
can be ascertained from previous experiments and theoretical
studies. For neutral clusters, optical absorption was measured
experimentally and also calculated with time-dependent density
functional theory;7 the comparison of experiment to the
calculations identified the lowest-energy isomers for n = 3—7.
For cationic clusters, collision cross sections were measured
from ion mobility experiments and compared with results
calculated by Kohn—Sham calculations® so that the lowest-
energy isomers of Ag; ,* clusters were identified. For anionic
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Table 3. Percentage of Hartree—Fock Exchange and Mean Unsigned Error (MUE) of 14 Bond Lengths for Each xc Functional®

functional x° MUE of bond length (&)
TPSS 0 0.008
NI12 0 0.009
BHandH NY 0.009
revIPSS 0 0.013
TPSSh 10 0.015
BP86 0 0.021
PW91 0 0.021
MNI12-L 0 0.025
PBE 0 0.027
+HCTHhyb 15 0.028
PBEsol 0 0.028
MN12-SX 0-25 0.032
SOGGA 0 0.033
7-HCTH 0 0.035
Ml11 42.8—100 0.036
mPWPWO91 0 0.036
N12-SX 25-0 0.037
CAM-B3LYP 19-65 0.037
B3PW91 20 0.038
PBEO 25 0.038
TPSS1KCIS 13 0.041

functional x* MUE of bond length (A)
MO06-L 0 0.044
HSE06 25-0 0.047
Mil11-L 0 0.059
mPW3LYP 21.8 0.063
mPWLYP 0 0.064
Mo06 27 0.064
B3LYP 20 0.066
MPWLYPIM S 0.066
B97-1 21 0.067
BLYP 0 0.072
RPBE 0 0.074
GVWN3 0 0.075
BILYP 25 0.076
SOGGA11-X 35.42 0.079
BMK 42 0.080
OreLYP 0 0.081
O3LYP 11.61 0.085
BHandHLYP 50 0.086
B97-3 26.93 0.106
MO0S 28 0.109
MOHLYP 0 0.116

“Listed in order of increasing MUE before rounding. bPercentage of Hartree—Fock exchange.
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Figure 2. Lowest-energy isomers for neutral and charged Ag, (n = 3—
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Figure 3. 3D and 2D silver clusters. The structure on the left is the
lowest-energy 3D structure, and the one on the right is a competing
low-energy 2D structure.

clusters, transition energies were measured from photoelectron
: 15 .
spectra experiments ~ and were compared to theoretical
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calculations;”! the main spectra peaks agree well for particular
Ag; ;” clusters, which were therefore judged to be the lowest-
energy isomers for each size of anionic silver clusters.
Therefore, the determination of all the clusters are based on
the comparison of one feature measured from experiments and
calculated from computations. One common feature of the
findings is that for all neutral, cationic, and anionic silver
clusters with n < 7, one predominant isomer could be identified
for each size of cluster; with n > 7, there might be more than
one isomer coexisting so that the feature measured from
experiments (such as optical absorption spectrum, collision
cross section, or photoelectron spectrum) cannot be attributed
to only one isomer; thus, the lowest-energy isomers cannot be
identified in this way for higher n.

The lowest-energy isomers for neutral and charged Ag, (n =
3—7) are shown in Figure 2. As we mentioned before, there is
more than one isomer for each size of cluster. For example, we
find that there are at least 10 other local minimum structures
for Ag;. Therefore, we take some low-energy local minima
structures optimized with the N12 functional, and we calculate
the electronic energies with various xc functionals to see which
of them are able to correctly predict the lowest-energy
structures. Detailed information is shown in the Supporting
Information (Table S3).

There are 15 lowest-energy isomers for neutral and charged
Ag, (n=3-7) determined as described above, and we tested 42
exchange—correlation functionals, so we have a total of 630
theoretical predictions of the lowest-energy isomers, and we
find that 121 of the 630 predictions are incorrect. First question
will be which structures are most likely to be predicted
incorrectly. We find that the wrong predictions mainly occur
for Ags', Ags™, Ag,", and Ag,”; there are 82 wrong predictions
for these four clusters, which is 68% of the total number of
wrong predictions. A key point here is that for all these four
cases there is a close competition between two-dimensional
(2D) and three-dimensional (3D) structures: the four lowest-
energy isomers are three-dimensional structures, but all the

DOI: 10.1021/acs jpcc.5b01545
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Table 4. Number of Wrong Predictions (out of 15) of the Lowest-Energy Isomer and the Dependence on Kinetic Energy

Density for Each xc Functional

dependence on kinetic energy number of wrong

functional density predictions
BHandH no 0
Mos yes 0
Mo06 yes 0
MO06-L yes 0
MNI12-L yes 0
MNI12-SX yes 0
PBEO no 0
PBEsol no 0
revIPSS yes 0
SOGGA no 0
TPSS yes 0
TPSS1KCIS yes 0
TPSSh yes 0
BMK yes 1
GVWN3 no 1
HSE06 no 1
M11-L yes 1
N12-8X no 1
N12 no 2
BP86 no 3
B3PWI1 no 3

dependence on kinetic energy number of wrong

functional density predictions
mPWPWI1 no 3
Ml11 yes 3
PBE no 3
PWI1 no 3
CAM-B3LYP no 4
SOGGA11-X no 4
7-HCTHhyb yes N
7-HCTH yes S
mPW3LYP no S
RPBE no S
B97-1 no S
BHandHLYP no S
mPWLYP no 6
mPWLYP1IM no 6
OreLYP no 6
O3LYP no 6
B97-3 no 6
BLYP no 7
B3LYP no 7
BILYP no 7
MOHLYP no 7

Table S. Energies (Kilocalories per Mole) for Neutral and
Charged Silver Clusters

1. 1
MO06  CCSD(T) 85}5“ 55}3”
Ag, — 2Ag 42.6 39.4 38.0
C,,-Ag; — Ag, + Ag 21.6 20.8
C,,-Ag; — 3Ag 64.2 60.2 60.7
C,,-Ag; = Dy-Ags 15 3.9
D,-Ag, — C,,-Ag; + Ag 49.5 50.3
D,-Ag, — 2Ag, 284 31.6
Dy-Ags — 4Ag 1137 110.5
D,;-Ag, — C,-Ag, 5.6 7.9
Ag," — Ag + Ag" 38.6 37.6 40.1 40.3
Agy" — Ag, + Ag" 64.7 67.6 623 62.7
Ag,” — Ag + Agy" 29.8 242 24.5
Agst — Ag, + Agy” 39.7 454 45.8
Ags" — Ag + Ag* 37.1 29.5 30.0
Ag," — Ag, + Ags' 57.0 521 52.8
Ag,” — Ag + Ag” 33.7 33.0 422 424
Agy™ — Ag + Agy)” 52.5 50.1 55.6 55.9
Agy” = Ag, + Ag” 43.5 43.7 48.7 49.0
Ag,” — Ag + Agy” 334 314 31.8
Ag,” — Ag, + Agy” 433 38.1 38.5
Ags — Ag + Agy 50.4 44.7 45.1
Ags” — Ag, + Agy” 412 41.3 41.8
Agg™ — Ag + Ags™ 40.3 43.6 44.1
Ags™ — Ag, + Ag,” 48.1 40.6 412
Ag,” = Ag + Agg” 60.1 63.0 63.5
Ag,” — Ag, + Agy” 57.8 64.6 65.4

“The dissociation energies (D,) are from refs 11 and 12. *The
dissociation energies of Ag, and Ag; are from refs 16 and 18,
respectively. The dissociation energies (D,) of cationic and anionic
clusters are calculated by removing the effect of the zero-point
vibrational energy on Dj,.

Table 6. Adiabatic IPs and DEs and Vertical IPs and DEs
(Kilocalories per Mole) of Silver Clusters Calculated by M06

exptl. exptl
AIP VIP vIP" ADE VDE  VDE®

Ag 1754 1754 174.6 Ag” 341 341 30.0
Ag, 1795 1807 175.3 Ag,~ 252 266 254
Agy 1323 1355 143.0 Agy” 561 577 56.0
Ag, 1520 1522 153.4 Ag” 400 420 37.6
Ags 1381 1435 146.4 Ag™ 519 519 489
Ags 1570 1666 164.9 Age 361 510 48.0
Ag, 1370 1404 147.6 Ag” 538 639 60.0

wrong predictions yield planar two-dimensional structures as
the lowest-energy isomers. Figure 3 shows the 3D lowest-
energy isomers of Ag*, Ags™, Ag,", and Ag,”, as well as the 2D
competing low-energy isomers.

The first 13 entries of Table 4 are the functionals that are
able to predict all the lowest-energy isomers correctly. In the
full set of xc functionals that we tested, 14 depend on kinetic
energy density and 28 do not, while 9 out of the 14 functionals
that depend on kinetic energy density are exact for all
structures, which suggests kinetic energy density makes the xc
functionals more likely to be correct for predicting lowest-
energy isomers. Similar findings were reported in previous work
on gold clusters; in particular, Mantina et al,”> Johansson et
al,” and Ferrighi et al’* studied the 2D-to-3D structural
transitions (as functions of n) for singly charged gold clusters
Au," and Ag,”, and in this context Ferrighi et al. provided an
analysis of the connection of the kinetic energy density
dependence to predictions of the 3D—2D competition. The
gold clusters tend to be planar structures at small size but to be
compact 3D structures at large size. Experiments indicate that n
= 8 for Au," and n = 12 for Au,~ are the sizes where the 2D-to-
3D transitions take place. Computational studies revealed that
xc functionals with kinetic density dependence are more
successful in predicting the correct transitions because the

9621 DOI: 10.1021/acs.jpcc.5b01545
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Table 7. Mean Unsigned Error for Each Energetic Quantity (Kilocalories per Mole)”

functional neutral dissociation VIP VDE
Mo06 2.6 4.6 3.8 3.1
PBE 2.5 S.0 5.0 1.6
BMK 34 4.8 5.3 1.2
- HCTHhyb 48 46 50 L5
PWI1 2.7 S.0 5.6 2.7
TPSS 1.9 S.5 5.9 2.4
mPWPW9I1 3.3 S.0 5.0 43
TPSSh 2.5 5.1 6.5 4.1
N12 3.1 S.0 6.8 39
HSE06 4.6 4.9 5.6 4.7
BP86 3.0 49 6.6 52
PBEO 53 5.2 6.2 35
revIPSS 3.7 7.6 5.6 1.9
N12-SX 4.3 49 7.6 5S4
SOGGAI11-X 5.0 7.1 53 1.1
TPSS1KCIS 5.7 5.6 6.7 44
B3PW91 7.1 6.8 54 2.1
MO06-L 4.1 7.6 7.7 2.5
BHandH 1.5 6.0 9.7 79
PBEsol 6.5 8.4 5.8 1.9
7-HCTH 54 8.6 6.6 1.7

“Listed in order of increasing total MUE before rounding.

functional neutral dissociation VIP VDE
mPW3LYP 74 9.3 4.8 1.1
SOGGA 6.9 9.6 S.1 1.0
CAM-B3LYP 7.7 8.3 59 2.7
MN12-8X 8.7 5.2 10.4 54
mPWLYP S.5 8.9 8.2 2.4
mPWLYP1IM 6.1 9.2 7.5 1.5
RPBE 8.2 9.6 5.3 1.5
MOS 4.8 7.4 10.5 54
B3LYP 8.6 10.4 4.6 12
MI11-L 7.5 8.2 11.5 1.9
BLYP 6.9 10.3 7.6 52
MNI12-L 9.8 11.5 4.3 43
B97-3 8.6 119 6.9 4.1
BILYP 10.2 12.2 59 32
B97-1 42 14.1 6.2 8.1
OreLYP 12.1 16.0 79 3.7
BHandHLYP 12.4 13.6 10.5 7.6
Mil1 8.6 8.4 20.0 18.4
O3LYP 13.8 16.4 8.1 6.1
MOHLYP 15.0 19.5 8.2 5.8
GVWN3 16.4 17.7 20.8 17.8

Table 8. Total Mean Unsigned Error of Energy (Kilocalories per Mole) for Each xc Functional®

functional bl dependence on 7,° MUE of energy
Mo6 27 yes 3.8
PBE 0 no 3.9
BMK 42 yes 4.0
7-HCTHhyb 15 yes 42
PWoI1 0 no 42
TPSS 0 yes 43
mPWPW91 0 no 4.5
TPSSh 10 yes 4.7
NI12 0 no 4.7
HSE06 2507 no 49
BP86 0 no 4.9
PBEO 25 no S.1
revIPSS 0 yes 5.3
N12-SX 25-0 no 5.3
SOGGAII-X 35.42 no 54
TPSS1KCIS 13 yes 5.6
B3PW91 20 no 5.7
MO06-L 0 yes 6.0
BHandH S0 no 6.1
PBEsol 0 no 6.4
7-HCTH 0 yes 6.4

functional X dependence on 7, MUE of energy
mPW3LYP 0 no 6.6
SOGGA 0 no 6.7
CAM-B3LYP 19-65 no 6.7
MNI12-SX 0-25 yes 6.9
mPWLYP 0 no 6.9
mPWLYP1IM S no 6.9
RPBE 0 no 7.1
Mos 28 yes 7.1
B3LYP 20 no 7.3
M11-L 0 yes 7.5
BLYP 0 no 8.2
MNI12-L 0 yes 8.6
B97-3 26.93 no 8.9
BILYP 25 no 9.0
B97-1 21 no 9.5
OreLYP 0 no 11.5
BHandHLYP S0 no 11.7
Mi1 42.8—100 yes 12.3
O3LYP 11.61 no 12.5
MOHLYP 0 no 14.1
GVWN3 0 no 18.0

“Listed in order of increasing MUE before rounding. bPercentage of Hartree—Fock exchange. “Kinetic energy density. “When a range of X is given,
the first value is for small interelectronic separation and the second is for large interelectronic separation.

kinetic energy density favors the compact 3D structures. In our
studies for silver, which is in the same column of the periodic
table as gold, n = S and n = 6 are the sizes where the 2D-to-3D
transitions occur for Ag,* and Ag,”, respectively, and xc
functionals dependent on kinetic energy density are more likely
to correctly predict the lowest-energy isomers near the
transitions.

Finally, we studied the reliability of the density functionals
for reaction energies. These reaction energies are categorized as
reaction energies of the neutral clusters (Ag;_,), dissociation

energies of cationic and anionic silver clusters (Ag," and Ag, ™, n
= 2-—7), vertical ionization potentials(Ag,_;), and vertical
detachment energies (Ag;_,").

We use CCSD(T) calculations as the reference data for the
reaction energies of the neutral clusters. A multiple-collision
induced dissociation (MCID) experiment was carried out for
cationic silver clusters,"' and further analysis of the
experimental data generated the dissociation energies of singly
charged cationic silver clusters Ag,*. The fragmentation

channels of singly charged cationic silver clusters have also
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been studied.'>"" In the case of Ag,” (n = 2—7) clusters, a

single fragmentation channel is found almost exclusively for
each cluster: even-numbered clusters decay by emission of a
silver monomer, while odd-numbered clusters decay by
emission of a silver dimer. Therefore, we can consider the
dissociation energies are exclusively monomer-loss reaction
energies for even-numbered clusters (Ag," — Ag + Ag,_,", n =
even number) and dimer-loss reaction energies for odd-
numbered clusters (Ag," — Ag, + Ag,_,", n = odd number).
Collision-induced dissociation (CID) experiments were
performed on anionic silver clusters.'> Similarly to what
found for cationic silver clusters, the predominant fragmenta-
tion channel is atom-loss for even-numbered anionic clusters
and dimer-loss for odd-numbered anionic clusters, and a fitting
scheme based on single-channel thresholds is used for
calculating the energies. However, the atom-loss fragmentation
channel is not negligible for odd-numbered anionic clusters, so
another scheme involving competitive CID threshold fits was
used in the paper to calculate the dissociation energies of odd-
numbered anionic clusters through two fragmentation channels.
We take the dissociation energies of single-channel threshold
fits for even-numbered clusters and competitive CID threshold
fits for odd-numbered clusters as our reference data, and finally
we use experimentally measured monomer-loss dissociation
energies for even-numbered silver anions (Ag,~ — Ag +
Ag,_,7, n = even number) and both monomer-loss and dimer-
loss dissociation energies for odd-numbered silver anions (Ag,~
— Ag + Ag,_,",and Ag,” = Ag, + Ag,_,~, n = odd number) as
reference data. Dissociation energies from experiments (D)
include the effect of zero-point energy (ZPE). To compare our
calculations with experiments, we calculate zero-point energies
with the N12 exchange—correlation functional and subtract that
from the experimental data to get D, Vertical ionization
potentials (VIPs) and vertical detachment energies (VDEs) of
silver clusters were also measured."*™"> With the known lowest-
energy isomers in Figure 1, we calculated the VIPs and VDEs of
the Ag; - clusters. There are 39 reaction energies of all the
types mentioned above; details are provided in Supporting
Information (Tables S4—S8).

Tables S and 6 show the best theoretically calculated energies
of neutral clusters, dissociation energies of charged clusters,
VIPs, and VDEs. We also show DFT-calculated adiabatic
ionization potentials (AIPs) and adiabatic detachment energies
(ADEs) in Table 6 because those are more directly relevant to
the experiments. Experimental results are provided where
available.

We summarize the mean unsigned error (MUE) for each
energetic quantity in Table 7. The table shows that different
functionals are preferred for various energetic quantities. In
particular, BHandH, TPSS, and PBE are the best for the
energies of neutral clusters; M06, T-HCTHhyb, and BMK are
the best for the dissociation energies of cationic and anionic
silver clusters; M06, MN12-L, and B3LYP are the best for VIP;
and SOGGA, SOGGA11-X, and mPW3LYP are the best for
VDE.

We summarize the total MUE and the ingredients of the
functionals in Table 8. The best functionals in total are MO06,
PBE, and BMK. For these functionals the number of wrong
structure predictions (from Table 4) is zero for M06, three for
PBE, and one for BMK. Table 8 shows that the accuracy of a
functional for energies is not mainly dependent on the
percentage of Hartree—Fock exchange or the inclusion of
kinetic energy density. In the top 10 functionals, half of them
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are hybrid functionals and half of them are local functionals,
and half of them are meta-functionals and half of them have no
kinetic energy density dependence.

It is interesting to compare the conclusions from the
validation tests summarized in Table 8 to those from the study
of the relative energies of Ag; and Agg clusters by Chen et al.*’
They found that M06 and TPSS were more accurate than
B3LYP, PBE, and PW91. Our broader study again ranks M06
and TPSS highly and downgrades B3LYP, but we also find
good average performance for PBE and PW91.

4. CONCLUSIONS

Neutral and singly charged small silver clusters (Ag,, Ag,*, and
Ag,”, n = 1-7) have been studied. We systematically searched
for all possible isomers of clusters with n = 5—7. We assessed
the reliability of 42 xc functionals in terms of structures,
geometries, and energies. We found that local functionals are
generally more reliable for geometries; 7 out of 10 best
performing functionals for geometries are local functionals, and
the best 3 are TPSS (which is local), N12 (also local), and
BHandH (which is nonlocal). We also found that functionals
that depend on kinetic energy density are more likely to predict
accurate structures. In our study, 9 out of the 14 exchange—
correlation functionals that include kinetic energy density
predict all 15 structures for n = 3—7 correctly, whereas only 4 of
the 28 exchange—correlation functionals that do not include
kinetic energy density predict them all correctly. Energies are
categorized as reaction energies of neutral Ag, , clusters,
dissociation energies of cationic and anionic silver clusters
(Ag,t and Ag,”, n = 2-7), vertical ionization potentials
(Ag;,_7), and vertical detachment energies (Ag;_,”). The best
functionals for the totality of energetic quantities are M06, PBE,
and BMK. The accuracy for energies is not much affected by
which ingredients are included in functionals. These findings
could be useful for guiding the choice of methods for

computational catalyst design.
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