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ABSTRACT: In this paper, the nature of silver ion—nitrogen atom The nature of Ag*-N bonding in silver ion complex

bonding in the complexation with ammonia, azomethine, pyridine,

and hydrogen cyanide from one to four coordinations is studied at L—Ag" L—Ag'—L
the B97-1 level of density functional theory. The results indicate

that the two-coordinated complex of the silver ion with different L
nitrogen ligands representing sp, spz, and sp3 orbital hybridizations L |

is the most stable form having the shortest Ag*—N bond distance, L A/+ wAg'
highest vibrational frequencies, largest bond order, and favorable g L N
Gibbs free energy of formation. Natural bond orbital analyses \L L L

further show that o-donation from the nitrogen lone pair to the
silver empty Ss orbital is dominant in the dative metal—ligand
bonding character with N—sp® having the largest contribution among the different N atomic orbital hybridizations. Natural energy
decomposition analyses further show that the two-coordinated complexes have enhanced electrostatic interaction and charge transfer
energies over other coordination types leading them to be more stable. For this reason, the two-coordinated complexes would be a

Ligand (L): ammonia, azomethine, pyridine, and hydrogen cyanide

better representation for studying bonding and interaction in silver ion complexes.

1. INTRODUCTION

A silver ion (Ag") with its electron configuration [Kr] 4d'%5s°
can form stable complexes with up to six ligands from its
empty Ss valence orbital." The two-coordinated form is the
most common and is often used for fabricating 1D metal—
organic nanostructures.” Silver ions in this coordination can
link pyridyl—ferrocene ligands together through a doubly
bridged connection to form a nanotube structure, as reported
by Aida et al.” Three- and four-coordinated complexes are less
common and often formed from sulfur- and phosphorous-
based ligands for luminescent materials.”* Five- and six-
coordinated complexes are rare since their Gibbs free energies
of formation are unfavorable.’®

There have been a number of theoretical studies on the
nature of metal—ligand chemical bonding of silver ion
complexes. These studies examined metal ion—ligand inter-
action by either changing the type of metal ion while keeping
the ligand the same or changing the type of ligand while
keeping the metal ion the same. For example, a study of
platinum, magnesium, copper, and gold ions with pyridine
1igands,6 differences in the complexation of Mg** and Ag" ions
with ammonia (NH,) ligands,” or a comparison study of Cu*
and Ag" complexing with pyridine in the gas phase.” These
studies show that Ag" has smaller binding energy compared to
Cu' and Au” ions when forming a one-coordinated complex
with ammonia and pyridine ligands, and the electrostatic
interaction is dominant as expected. Second, changing different
types of ligands from electron-withdrawing to -donating groups
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enables studies of the effects of the ligand field on the
electronic and thermodynamic properties of the complexes.
For example, electron-donating groups such as methyl (—X) in
organonitriles (NC—X) strengthen the Ag—N bond.® Also,
Luna et al.” have shown that N—sp® in methyl amine has the
largest charge donation in the complexation with the Cu* ion,
whereas the HCN ligand is the poorest.

Experimental studies, on the other hand, have been limited
to those complexes that are stable under experimental
conditions. For example, thermodynamic properties such as
entropy, enthalpy, and Gibbs free energy changes for a Ag" ion
complexing with one to four ammonia ligands were able to be
measured.'’ Experimentally, a common representative of the
sp>—nitrogen ligand is pyridine.""
two-coordinated silver—pyridine complexes were studied in
solution,"” while three- and four-coordinated silver—pyridine
complexes were studied in the gas phase.'’ However, when
comparing the differences in the effects of nitrogen atomic
orbital hybridization on Ag® ion—ligand bonding, the sp’
nitrogen in azomethine (NH=CH,) would be more suitable

12 .
For instance, one- and
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Table 1. List of All [AgL,]* Complexes Considered in This Study”

NH; CsHsN CH;N HCN
(ammonia) (pyridine) (azomethine) (hydrogencyanide)
Number \
of Ligand . .
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“Light-blue balls represent silver atoms (Ag), dark-blue for nitrogen atoms (N), gray for carbon (C), and white for hydrogen (H) atoms. Relative

orientations of ligands in these complexes are also shown.

since it is not complicated by the aromaticity effects as that in
pyridine. Unfortunately, there is no experimental data for the
silver ion complex with azomethine. In addition, only a two-
coordinated complex of a silver ion with hydrogen cyanide
ligands was successfully synthesized.'*

Previous theoretical studies found that electrostatic energy
dominates in Ag'—ligand interaction as expected for ion—
dipole intermolecular interaction. Interestingly, the bonding
from the ligand back donation was also found to enhance the
ion—ligand binding energy and to affect geometries of the
complexes.'>'® However, such a conclusion was drawn from
results of one-coordinated silver ion complexes with different
types of ligands. It is known that the two-coordinated
complexes are often more stable in nature as compared to
one-coordinated complexes. Thus, question is whether such a
finding on the role of the bonding is generally valid in all
coordination cases. Furthermore, the bonding in silver ion
complexes is known to have a dative bond nature with
contribution from both ¢ donation and z-back donation.'” To
the best of our knowledge, there has not been any study on the
effects of nitrogen atomic orbital hybridizations on the nature
of this Ag'—N dative bond.

In this study, a systematic computational study with the aim
to understand the nature of chemical bonding in a silver ion
complexing with ligands that have different hybridizations was
carried out. In particular, three different nitrogen-based
ligands, namely, ammonia (NH;), azomethine (NH=CH,),
pyridine (C;HN), and hydrogen cyanide (HCN), correspond
to sp*, sp?, and sp hybridizations, respectively. These ligands
can form one- to four-coordinated complexes with the silver
ion. This allows the examination of the effects of the
coordination number on the geometry, energetics, thermody-
namics, and metal ion—ligand bonding characteristics of the
complexes in detail and systematically.

45232

2. COMPUTATIONAL DETAILS

In this study, all complexes between Ag" and ammonia,
azomethine, pyridine, and hydrogen cyanide are fully
optimized in the gas phase using the Gaussianl6 package'”
at the B97-1 level of density functional theory (DFT). B97-1""
has been known to provide accurate geometries and electronic
properties of transition metal complexes.””*" Also, this basis
set was found to be among the most accurate DFT functionals
for studying transition metal chemistry by Truhlar and
Cramer,”* for example, the bond energy, geometries, and
dipole moment of palladium complexes.”® A composite basis is
used, in particular, cc-pVTZ-pp for the Ag atom and cc-pVTZ
for other atoms.”* The basis set superzposition error is also
calculated by the counterpoise method.” Table 1 summarizes
the list of all complexes considered in this study and also shows
their 3D configurations.

For thermodynamic analysis, enthalpy change (AH),
entropy change (AS), and Gibbs free energy change (AG)
of these complexes are calculated from products of transla-
tional, rotational, vibrational, and electronic partition functions
using the standard statistical mechanics method. For the
vibrational partition function, harmonic approximation is used.
For hindered internal rotation vibrational modes of ligands
around the ion-—ligand bond, correction terms to the
vibrational partitional functions based on Truhlar’s approx-
imation are included.*®

Natural population and natural energy decomposition
analyses (NEDA)”” were done using the natural bond orbital
7 program™® attached on Gaussian16. Note that the extended
transition state combined with the natural orbital for chemical
valence theory (ETS-NOCV)* is another well-known
methodology for energy decomposition analyses. A recent
comparison study by Li and Lu’® on energy component
analyses for metal complexes has shown that both ETS-NOCV
and NEDA yield similar results. Metal ion—ligand binding
energies are decomposed into five different potential energy
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Table 2. Calculated and Available Experimental Data for Average Ag'—N Bond Distances (A) and Its Stretching Frequencies
(cm™) of Silver Ion Complexes with Ammonia, Azomethine, Pyridine, and Hydrogen Cyanide

v(Ag—N) ecm™
Dpg-n (A) experiment this study
complexes experiment this study v, Vg v, I
[Ag(NH,),]* N1 2.196 372
N2 2.110-2.165“ 2.14S 430—476" 369—400 423 348
N3 22657 2.317 261 274
N4 2412 254 226
[Ag(AM),]* AM1 2.160 368
AM2 2.104 410 215
AM3 2.258 311 160
AM4 2.356 273 256
[Ag(Py),]* Pyl 2155 203
Py2 2.128—2.180° 2.118 226—230° 157—-166° 252 156
Py3 2.245; 2.587¢ 2.181, 2.585 1907 1459 228 142
Py4 2.322° 2.384 122¢ 88°¢ 122 117
[Ag(NCH),]* CN1 2.148 273
CN2 2.130" 2.080 348 267
CN3 2222 242 224
CN4 2.323 172 171

“[Ag(NH,),1,80,;°*° [Ag(NHS,),]ClIO,;*"* [Ag(NH,),INO; > P[Ag(NH;),]ClO,.”" “[Ag(Py),]CIO,;* [Ag(Py),NO;]1."" “[Ag(Py),]-

NO,.** °[Ag(Py),]ClO,.*" /[Ag(HCN),]SbF,."*

terms, namely, electrostatic—ES, polarization—POL, ex-
change correlation—XC, charge transfer—CT, and deforma-
tion—DEF, by NEDA.””*'~%*

3. RESULTS AND DISCUSSION

3.1. Geometries and Vibrational Spectra. As shown in
Table 1, the optimized silver complexes with two ligands have
a linear configuration; namely, the angles N—Ag*—N are close
to 180°. Furthermore, two ammonias are in the eclipsed
configuration, whereas the two azomethines are perpendicular
to each other. For the two-coordinated complex with pyridine,
there are two nearly degenerate local stable structures, namely,
in-plane where the two pyridine rings are in the same plane
and out-of-plane where the two pyridines are perpendicular to
each other, with a difference in energy of less than 1.0 kcal/
mol. In this study, further calculations and analyses were done
for the in-plane conformation due to its correspondence with
the experimental crystal structure.”*

Three-coordinated complexes with ammonia, azomethine,
and hydrogen cyanide ligands have trigonal shapes, whereas
the complex with pyridine is close to a T-shape with two N—
Ag'—N angles having values of 160 and 99.5°. Four-
coordinated complexes all have the tetrahedral configuration
with the N—Ag"—N angle around 109°.

Table 2 lists the optimized Ag'—N bond distances in all
complexes and their corresponding vibrational frequencies
along with available experimental data. Note that some
experiments were done in solution, and thus, its data include
effects of counter ions and solvent—solute interactions,
whereas calculated results presented here are for isolated
complexes.

First, as shown in Figure 1 and Table 2, the calculated
complex bond distances are close to those from the
experimental data for each hybridization type and generally
increase with the larger coordination number with the
exception of the two-coordinated configuration, which has
the shortest bond distance. These results suggest that the two-
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Figure 1. Plot of Ag"—N bond distances vs the coordination number

for four ligand types: ammonia (green triangle), azomethine (blue
dot), pyridine (orange dot), and hydrogen cyanide (red cross).

coordinated complexes may have significantly other bonding
characters such as the bonding that is beyond strictly
intermolecular interaction. For the three-coordinated complex
with pyridine, it has a T-shape configuration with the shorter
bond distance for the two nearly linear ligands and the longer
bond distance for the other. This configuration suggests the
preference for T-shape interaction between a pair of pyridines
similar to that of a benzene dimer. For each coordination
number, the Ag"—N bond distance is generally the shortest for
the N—sp hybridization and the longest for sp> hybridization.

Second, an excellent agreement between computed and
experimental frequencies for the Ag"—N vibrational modes is
observed. In particular, the asymmetric stretch (v,) signals at
423 cm™' in [Ag(NH;),]" and 252 cm™ in [Ag(Pyr),]" are
not much different from the experimental values of 430 and
226 cm™, respectively.””*> Also, the calculated symmetric
vibrations (v,) of different complexes are within the range of
various experimental data.

It is known that as the bond energy increases, its bond
distance decreases, and its stretching vibrational frequency

https://doi.org/10.1021/acsomega.2c05707
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Table 3. Standard Enthalpy Changes (kcal mol™'), Entropy Changes (cal mol™* K™'), and Gibbs Free Energy Changes (kcal
mol ') of the Stepwise Reaction [Ag(L),]" + L — [Ag(L),,,]* (n = 0—-3) at 298 K“

[Ag(L),]* + L - [Ag(L),..]" AS° AHR’ AGR° relative AHR" relative AGg’

Ag' + NH; — [Ag(NH;)]* —22.4 —46.18 —39.49 4.77 4.08
[Ag(NH;)]* + NH; — [Ag(NH,),]* —35.8 —43.65 (—36.90") —32.97 (—27.20%) 4.51 (2.84) 3.41 (6.63)
[Ag(NH;),]* + NH; — [Ag(NH,);]* —13.5 —11.92 (—14.60") —11.92 (=7.300%) 1.23 (1.12) 1.23 (1.78)
[Ag(NH;);]* + NH; — [Ag(NH,),]* -27.1 —-9.68 (—13.00%) —9.68 (—4.100%) 1.00 (1.00) 1.00 (1.00)
Ag" + NHCH, — [Ag(NHCH,)]* —25.1 —47.36 —39.87 4.83 29.32
[Ag(NHCH,)]*+ NHCH, — [Ag(NHCH,),]* -32.6 —44.02 —34.32 449 25.54
[Ag(NHCH,),]* + NHCH, — [Ag(NHCH,),;]* -19.7 —11.21 —5.340 1.14 3.92
[Ag(NHCH,),]" + NHCH, — [Ag(NHCH,),]" -28.3 —9.80 —1.360 1.00 1.00

Ag" + NC{Hg — [Ag(NC(H;)]* —25.7 —52.66 (—48.60°) —45.01 546 (2.94) 20.56
[Ag(NCH;)]* + NCH; — [Ag(NCH;),]* —42.7 —46.19 —33.46 4.79 15.28
[Ag(NC4H;),]* + NCH; — [Ag(NCsHy);]* -28.3 —10.63 (-16.70%) —2.189 (—8.4007) 1.10 (1.00) 1.00 (1.42)
[Ag(NC(H;);]* + NCHs — [Ag(NCeH;),]* —243 —9.64 (—17.90%) —2.398 (—5.9007) 1.00 (1.07) 1.10 (1.00)
Ag" + HCN — [Ag(HCN)]* —-15.5 —36.66 (—40.10°) —32.04 (—33.30°) 3.94 (3.71) 5.99 (9.79)
[Ag(HCN)]* + HCN — [Ag(HCN),]* —24.7 —36.17 (—35.30°) —28.80 (—27.40°) 3.89 (3.27) 5.38 (8.06)
[Ag(HCN),]* + HCN — [Ag(HCN),]* —8.80 —12.03 (—15.90°) —9.400 (—9.100°) 1.29 (1.47) 1.76 (2.68)
A[g(HCN);]* + HCN — [Ag(HCN),]* -13.3 —9.300 (—10.80°) —5.350 (—3.400°) 1.00 (1.00) 1.00 (1.00)

“Values in the parentheses are from the experiment or previous calculations. bExperimental data taken from ref 5. “Experimental data taken from ref
13. “Experimental data taken from ref 10. “Computed data at the BLYP/DZVP level of theory taken from ref 8.

shifts toward a larger wavenumber. Such a trend is observed
here for a Ag ion complexing with different ligands in different
coordination configurations. In particular, the two-coordinated
complexes with the shortest Ag"'—N bond distances as
compared to those of other coordinated forms have the largest
frequencies for their asymmetric stretching vibrations. In fact, a
similar trend in the bond distance versus the coordination
number as shown in Figure 1 is also observed for the
asymmetric stretching frequencies but in the opposite
direction.

3.2. Thermodynamic Analysis. It is common to study the
thermochemistry of the complex formation reaction as
functions of the coordination number by using the step-wise
mechanism as follows

[AgL I" + L — [AgL  T", n=0-3

n+1
Agh L (ALl & [agL" & (gL " & [AgL]*

All computed values of standard enthalpy change, entropy
change, and Gibbs free energy change at the room temperature
(298 K) along with results from previous experimental or
computed data are presented in Table 3. Specifically, for
silver—hydrogen cyanide complexes, previous theoretical data
up to six coordinations are available® but not experimentally.
On the other hand, for silver—ammonia with up to four ligands
and for silver—pyridine complexes with one, three, and four
ligands,'® experimental data in the gas phase are available for
comparison. For comparison with previous data, relative
changes for each type of ligand for both enthalpy and Gibb
free energies, AHR’ and AGg’, by dividing by their smallest
values are also reported.

First, entropies of formation of the two-coordinated
complexes for all ligand types are the largest (most negative)
as compared to those of other corresponding coordinated
forms. This is consistent with the trends observed in Ag'—N
bond distances and vibrational frequencies of these complexes.
Second, within each ligand type, enthalpies of formation for
the one- and two-coordinated complexes are about 4 times
larger than those of three- and four-coordinated complexes.

Combined with the entropies of formation, the Gibbs free
energies of step-wise complex formation for the one- and two-
coordinated complexes within each ligand type are significantly
larger than those of three- and four-coordinated forms. These
suggest that one- and two-coordinated complexes are more
prevalent at the room temperature for all ligand types. This is
consistent with the experiment finding that one- and two-
coordinated forms of pyridine complexes compete with each
other.**!

Excellent agreement with the available experimental data
presented above indicates that the wavefunction at the level of
theory used in this study is reasonably accurate for further
analyses of the bonding nature of the Ag ion with various
ligands as presented below.

3.3. NBO Analyses. Table 4 summarizes results from the
natural population analyses for all complexes. First, notice the
strong drop in the Ag ion charge in the two-coordinated
complexes as compared to that in other coordination forms for
all ligands. This again demonstrates special bonding characters
for the two-coordinated complexes. The changes in the silver
ion charge per ligand also indicate that only one- and two-
coordinated forms have significant changes in the interaction
nature of the silver ion with different types of ligands. Higher-
coordinated forms have small effects on this nature.

Wiberg bond index (WBI) analyses also indicate that the
bond orders for the Ag'—N bonds in the one- and two-
coordinated complexes are noticeably larger than those of
higher order-coordinated complexes for each type of ligand.
More specifically, for each ligand type, the two-coordinated
complex has the highest bond order (nearly 0.3) in all cases. It
is interesting to note that for the three-coordinated complex
with pyridine, the two nearly linear Ag*—N bonds have WBI
values of 0.22 which is close to the value of 0.27 of the two-
coordinated complex, while the WBI of the third (middle)
pyridine ligand is nearly O indicating strictly electrostatic
interaction. Natural resonance theory analyses further support
these results showing that the majority of the Ag"*—N bonding
characters in all complexes are ionic with contribution of more
than 80%. Again, consistent with other calculated results, the
one- and two-coordinated complexes have noticeable bonding

https://doi.org/10.1021/acsomega.2c05707
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Table 4. Silver Atomic Charge Q,, from NBO Analyses,
, WBI, and

Percentages of Covalent and Ionic Characters in the Silver—
Nitrogen Bond Calculated Based on Natural Resonance
Theory

Ag

Charge Change per Ligand AQAg =

n

NRT
ionic covalent
complexes Qyy AQy WBI (%) (%)
[Ag(NH,),]* N1 089 012 026 87 13
N2 0.68 0.16 0.29 81 19
N3 0.74 0.08 0.18 90 10
N4 0.75 0.06 0.13 91 9
[Ag(NHCH2),]+ AMI 089 011 024 88 12
AM2 0.71 0.15 0.28 82 18
AM3 0.80 0.07 0.17 91 9
AM4 0.81 0.05 0.12 96 4
[Ag(NCSHS),]+ Pyl 086 014 026 86 14
Py2 0.70 0.15 0.27 83 17
Py3 0.75 0.08 0.22 88 12
0.06 0 0
Py4 0.82 0.04 0.10 0 0
[Ag(NCH), ]+ CN1I 096 004 015 94 6
CN2 0.82 0.09 0.24 88 12
CN3 0.89 0.04 0.15 94 6
CN4 0.89 0.03 0.11 96 4

characters with the largest contribution of covalent character
found in the two-coordinated form as compared to other
coordinated forms for each ligand type.

Natural bond orbital (NBO) analyses can provide further
information on the dative bond between the silver ion and the
ligands. In particular, second—order perturbation theory*” can
be used to calculate energy release upon o-donation and 7-
back donation in the dative bond component of the metal—
ligand interaction.

In general, for all complexes studied here, the o-donation is
from the nitrogen lone pairs to the empty silver Ss orbital,
whereas the 7-back donation is from the silver (4d)'° to the
virtual 7* orbitals of the ligands.

Table S lists all donor—acceptor orbital charge transfer
energies from NBO analyses which are above 1.0 kcal/mol.
Note that in all cases, o-donations from nitrogen lone pairs to
the silver 5s° orbital are significantly larger by many orders of
magnitude compared to those of the z-back donation where
existing. Furthermore, within each ligand type, the magnitude
of donor—acceptor orbital energy release for the two-
coordinated complexes is noticeably larger than that of other
coordinated forms. These results suggest that additional
stabilization observed in the two-coordinated complexes is
due mainly to the o-donation bonding component. A similar
phenomenon was presented in a comparison of the bond
strength of Ag'—O and Ag'-N in Ma’s study.” Upon
comparing the orbital charge transfer energies released in all
two-coordinated complexes, it is seen that the nitrogen lone
pair from the sp3 orbital has the largest o-donation value, while
the sp orbital has the smallest. This may be due to the fact that
the nitrogen sp® orbital has larger p character than sp® and sp
orbitals and thus would have larger overlap with the silver Ss
orbital. Furthermore, o-donation energy transfers of the
complexes with pyridines are larger compared to those of
silver—azomethine complexes. This indicates that electrons

Table 5. Average Donor—Acceptor Interaction Energy
(kcal/mol) in the Complex of the Silver Ion with Ligands:
Ammonia, Azomethine, Pyridine, and Hydrogen Cyanide®

complex donor acceptor E...
[Ag(NH,),]* N1 N: sp® lone pair ~ Ag": 5s° 43.32 (1)
N2 N: sp® lone pair ~ Ag+: 58°  81.05 (2)
N3 N: sp® lone pair ~ Ag+: 58°  56.80 (3)
N4 N: sp® lone pair ~ Ag+: 5°  54.97 (4)
[Ag(NHCH2),]+ AMI1  N:sp” lone pair ~ Ag+: 58°  36.28 (1)
Ag+: 4d"° AN 1.930 (2)
AM2  N: sp® lone pair ~ Ag+: 58°  68.84 (2)
Ag+: 4d"° AN 1.390 (4)
AM3  N: sp® lone pair ~ Ag+: 5°  44.62 (3)
Ag+: 44" Teen™ 1.230 (3)
AM4  N:sp® lone pair  Ag+: 58°  40.44 (4)
[Ag(NCSHS), ]+ Pyl N: sp® lone pair ~ Ag+: 58°  37.27 (1)
Ag+: 4d"° Toen™ 1.560 (1)
Py2 N: sp® lone pair ~ Ag+: 58°  63.86 (2)
Ag+: 4d"° Teen™ 2.190 (2)
Py3 N: sp” lone pair ~ Ag+: 5s°  50.34 (2)
13.24 (1)
Ag+: 4d"° Toen® 1.580 (2)
Py4 N: sp® lone pair ~ Ag+: 58°  26.48 (4)
[Ag(NCH),]+ CN1 N: sp lone pair Ag+: 58°  22.87 (1)
Ag+: 44" een® 2.340 (2)
CN2  N: sp lone pair Ag+: 5°  55.69 (1)
Ag+: 4d"° AN 3.460 (4)
CN3  N: sp lone pair Ag+: 58°  36.45 (3)
Ag+: 4d"° een® 1.860 (6)
CN4  N: sp lone pair Ag+: 5°  34.24 (4)
Ag+: 4d"° oo™ 1.018 (8)

“Values in the parentheses are the number of donor—acceptor
interactions. Only the interaction value above 1.00 kcal mol™ s listed.

from the aromatic ring also donate electrons to the Ag Ss
orbital via the N sp” orbital.

The 7z-back donations from silver (4d)'® to mc_y* in the
case of HCN, NH=CH,, and C;H;N ligands are quite small
in our study. This phenomenon was reported by Tian et al.’
where a comparison when pyridine forms complexes with
different transition metals and metal ions, namely, Cu, Ag, Au,
Cu %, Ag’, Au, and Pt, is made. Since it is insignificant
compared to the o-donation, it thus does not need to be
discussed in more detail here.

3.4. Natural Energy Decomposition Analysis. NEDA is
a useful method for analyzing the relative importance of
different interaction components constituting the overall metal
ion—ligand interaction. These analyses provide additional
examination of the nature of Ag'—ligand interactions in
these complexes. Table 6 lists the total interaction energies per
ligand along with its separated components, namely, CT for
charge transfer, ES for electrostatic, POL for polarization, and
XC for exchange—correlation energies. Analyzing interaction
energies per ligand allows comparison within a given type of
ligand but with different coordination numbers and also across
different ligands. Figure 2 displays these energy components
for different ligands.

The total energies per ligand of the one- and two-
coordinated complexes are more negative than those of
three- and four-coordinated complexes, shown in Table 6
and Figure 2. In particular, in all cases, electrostatic (ES) and
charge transfer (CT) energies are dominant compared to
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Table 6. NEDA of Component Energies per Ligand (All in
kcal/mol) between the Silver Ion and Ligands: Ammonia,
Azomethine, Pyridine, and Hydrogen Cyanide®

ligand CT ES POL XC Eioral

N1 —47.12 —58.79 —-33.12 -20.71 —47.66
N2 —66.22 —63.52 —-29.06 —22.18 —46.74
N3 —45.54 —45.02 —-19.62 —16.06 —35.40
N4 —40.40 -37.16 —14.74 —13.61 —29.26
AM1 —42.62 —59.00 —48.82 —22.65 —48.95
AM2 —62.11 —64.57 —50.20 —25.98 —47.72
AM3 —40.78 —46.64 —31.68 —18.45 —35.88
AM4 —35.16 —-38.12 —22.43 —14.96 —29.64
Pyl —41.94 —60.52 —65.34 —24.94 —-54.19
Py2 —57.00 —64.11 —58.77 —26.77 —50.82
Py3 —36.10 —46.47 —39.2§ —-19.67 —37.93
Py4 —28.48 —37.60 —28.39 —15.92 —-31.03
CN1 —31.72 —47.84 —52.88 —21.58 —38.16
CN2 —-57.14 —54.10 —-57.42 —-25.37 —38.25
CN3 —39.51 —39.78 —36.30 —17.98 —29.97
CN4 —34.62 —32.33 —24.92 —14.01 —25.22

“CT: charge transfer, ES: electrostatic, XC: exchange correlation, and
Eowa: total energy.

others. The large ES energy in 4Igyridine complexes was
evaluated in the Dopfer experiment.” For all ligand types, ES
energies are found to be smallest in the largest four-
coordinated complex forms as expected. What is unexpected
is that both ES and CT energies are found to be largest and of
nearly equal magnitude in the two-coordinated form as
compared to those in other coordinated forms. In each ligand
type, the ES value of the two-coordinated complex is even
larger than that of the one-coordinated complex where one
would expect to have the largest ES interaction energy. These
results suggest that the two-coordinated form with linear N—
Ag'—N configuration enhances both dative bonding and
electrostatic interaction in metal ion—ligand interaction, and
thus, the use of the one-coordinate complex form to study
bonding in transition metal complexes may not be accurate for
the silver ion. The results also show that for unsaturated
ligands such as azomethine, pyridine, and hydrogen cyanide,
electrons in the 7 orbitals lead to reasonably large polarization
interaction energy between the metal ion and the ligands. In
fact, in each coordinated form, polarization energy decreases
with the number of the m-orbital in the ligand, namely,
decreases from pyridine (3z-orbitals) and hydrogen cyanide
(27-orbitals) to azomethine (1z-orbital).

3.5. Effects of Nitrogen Hybrid Orbitals on Metal
Complex Properties. With respect to the effects of different
nitrogen hybrid orbitals sp, spz, and sp3 on properties of the
Ag" complexes, we found that the bond distance decreases
from sp® to sp in each coordination number. This can be
explained by the less p-character in the hybrid orbital which
would lead to larger overlap with the Ss° orbital and thus
shorten the bond distance. It is often known that shorter bond
length corresponds to a stronger bond energy and larger
vibrational frequency. However, in this case, we found that the
silver ion complex with ammonia (N-sp®) has not only the
longest bond distance but also has the strongest bond energy
and corresponding stretching frequency as compared to
complexes with other N hybrid orbitals. This is perhaps due
to binding between the Ag* ion and sp?, and the sp N species
also has 7-back bonding from d-orbitals of the silver ion to 7*
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Figure 2. Plot of NEDA energy components: charge transfer,
electrostatic, polarization, exchange correlation, and total energies of
silver ion—ligand interaction. Green triangles are for silver—ammonia,
blue dots for silver—azomethine, orange dots for silver—pyridine, and
red crosses for silver—hydrogen cyanide complexes.

orbitals of N sp and sp® nitrogen ligands such as with
azomethine, pyridine, or hydrogen cyanide. Donating electrons
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to an antibonding orbital would weaken the bonding
interaction and thus lower the vibrational frequency.

4. CONCLUSIONS

In this study, the nature of bonding in transition metal
complexes between the silver ion Ag" and the lone pair of
nitrogen atoms in different atomic orbital hybridizations is
systematically examined at the B97-1 level of DFT with a
composite basis set (cc-pVTZ-pp for silver and cc-pVTZ for
the other atoms). Ammonia is used to model nitrogen sp’,
azomethine and pyridine are used for sp’, and hydrogen
cyanide is used for sp hybridization. The experimental and
theoretical thermodynamic data show that the one- and two-
coordinated complexes of the silver ion with different types of
ligands are more favorable than three- and four-coordinated
silver ion complexes. Moreover, within each ligand type, the
results indicate that the two-coordinated silver ion complexes
are the most stable form, which have the shortest Ag"™—N bond
distance, highest vibrational frequencies, and largest bond
order. NEDA and natural population analyses further
supporting the finding show that the two-coordinated
complexes have large electrostatic and charge transfer energies
per ligand basis. The results suggest that the two-coordinated
complexes would be a better representation for studying
bonding in silver ion—ligand interaction rather than one-
coordinated complexes often used in the past.

With respect to the nature of the dative bond in these
complexes, upon comparing across different nitrogen hybrid-
izations, it is seen that the nitrogen lone pair in the N—sp®
orbital has the largest o-donation to the empty silver Ss°
orbital. The z-back donation from silver ion 4d lone pairs to
7% orbitals of ligands is quite small in all cases. It is found that
the higher number of m-orbitals increases much more the
polarization energy values in azomethine, hydrogen cyanide,
and pyridine.
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