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ABSTRACT. The halide-acetylene anions, X -HCCH (X = F, Cl, and Br) have been studied by using several different ab initio and
DFT methods to determine structures, hydrogen-bond energies, vibrational frequencies of the anion complexes. Although the
halide-acetylene complexes all have linear equilibrium structures, it is found that the fluoride complex is characterized with dis-
tinctively different structure and interactions compared to those of the chloride and bromide complexes. The performance of vari-
ous density functionals on describing ionic hydrogen-bonded complexes is assessed by examining statistical deviations with
respect to high level ab initio CCSD(T) results as reference. The density functionals employed in the present work show consid-
erably varying degrees of performance depending on the properties computed. The performances of each density functional on
geometrical parameters related with the hydrogen bond, hydrogen-bond energies, and scaled harmonic frequencies of the anion
complexes are examined and discussed based on the statistical deviations.
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INTRODUCTION

Hydrogen bonds are important for the structure, func-
tion, solvation, and dynamics of a large number of chem-
ical systems in many fields of chemistry and biological
science.'” As a special case of hydrogen bonds, ionic
hydrogen bonds that form between ions and molecules are
particularly interesting.’ The binding energies of ionic
hydrogen-bonded complexes exceed considerably the
binding energies of 3—10 kcal/mol for neutral hydrogen-
bonded complexes, thus possessing significant covalent
character. These strong interactions play important roles
in ion solvation, nucleation, electrolytes, protein folding,
formation of membrane and proton transport, and the low
barrier hydrogen bond in enzymatic catalysis, etc.’

Owing to their importance in chemistry and biological
science, hydrogen bonds have been a subject of numerous
theoretical and computational studies.*> Traditional ab initio
methodologies such as Meller-Plesset perturbation theory or
coupled-cluster theory have been quite successful in describ-
ing hydrogen bonding interactions. With the recent advance-
ment in density functional theory (DFT) and development
of a wide range of density functionals,® the DFT methods
have become a popular alternative to the wave function-
based methods and efforts have been made to apply DFT
to the hydrogen-bonded systems. However, the density
functionals developed earlier have not been successful in
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describing nonbonded interactions partly because disper-
sion attraction and long-range interactions are not treated
properly in these functionals. As much efforts continue to
be made in treating nonbonded interactions by the first
principle quantum chemical methods, many new func-
tionals including range-separated functionals and disper-
sion-corrected functionals have been developed with the
aim of accurate description of hydrogen bonding inter-
actions.*®

Among many ionic hydrogen-bonded complexes, the
complexes between halide ions and small proton donor
molecules such as water and alcohols have been exten-
sively studied experimentally and theoretically.”'> On the
other hand, the complexes of halide ions with the ammonia
or acetylene molecule, which have relatively small binding
energies due to the low acidity of ammonia or acetylene,
have received much less attention. Recently our group
became interested in these ionic hydrogen-bonded com-
plexes, and reported a study of the halide-ammonia anion
complexes.'® As a continuation of previous study, we have
investigated here the halide-acetylene anion complexes as
a model system of ionic hydrogen bonds.

A few spectroscopic studies have been reported for the
halide-acetylene anions. Bieske and coworkers studied the
chloride-, bromide-, and iodide-acetylene anion complexes
using vibrational predissociation spectroscopy.'* ' These
halide-acetylene complexes were also investigated by anion
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photoelectron spectroscopy.!” Theoretically, large scale ab
initio calculations at the MP2 and CCSD(T) levels using
large basis sets have been carried out for the complexes of
heavier halide ions.'®!” However, there is little computa-
tional study of applying the DFT method to these anions.
Denis and Gancheff have investigated hydrogen bonds
between halides and a few proton donors including acet-
ylene by coupled cluster and density functional calcula-
tions.”

In the present work, we have investigated the hydrogen-
bonded halide-acetylene anion complexes, X —HCCH (X
=F, Cl, and Br) by using both ab initio and density func-
tional theory (DFT) methods. The molecular structures,
hydrogen-bond energies, vibrational frequencies of the
complexes were calculated to obtain consistent sets of
data at sufficiently high levels for all three anions. In addi-
tion, attempts were made to assess the performance of
various density functionals on the ionic hydrogen-bonded
complexes and the results calculated with each density
functional were evaluated by comparing the statistical devi-
ations relative to the results of ab initio CCSD(T) calcu-
lations.

COMPUTATIONAL

The halide-acetylene anion complexes were investi-
gated using both ab initio and DFT methods. Ab initio cal-
culations were performed at the coupled cluster, CCSD(T)
and second-order Moller—Plesset (MP2) levels. For DFT
calculations, several different density functionals and dis-
persion corrections were employed. B97-D?' is the gen-
eralized gradient approximation (GGA) functional, B3LYP*
and PBE1PBE (also known as PBE0)* the hybrid GGA
functionals, and M06-2X** the hybrid meta-GGA func-
tional. CAM-B3LYP,* LC-oHPBE,*® and ®B97X-D* are
the range-separated functionals that include long-range
corrections. LC-BLYP is another long-range corrected func-
tional for which the long-range correction scheme of Hirao
and coworkers®® is applied to the pure BLYP functional.
The long-range corrections attempt to remedy the defi-
ciency of the non-Coulomb part of exchange functionals
diminishing too quickly and thus becoming very inaccu-
rate at large distances. For dispersion corrections,” the D3
correction was included in B3LYP-D3, while B97-D and
®B97X-D functionals have a built-in dispersion term. The
sufficiently large aug-cc-pVTZ basis set was used to min-
imize the basis set effects.

In the present study, the hydrogen-bond energy of the
anion complexes is defined as the energy change in the

dissociation reaction of X —HCCH into its constituents
with the zero-point energy correction included:

X~ —HCCH(g) - X (g) + HCCH(g) (1)

In addition, the counterpoise correction was also included
to take account into the basis set superposition error
(BSSE).***! The hydrogen-bond energies were also esti-
mated by using the W1BD?** and G4** composite methods.
These composite methods use extrapolation scheme to
yield highly accurate thermochemical data.

All calculations were performed using the Gaussian 16
program package.** The geometries of the anion complexes
were fully optimized with no constraint with “tight” con-
vergence criteria, and DFT calculations were conducted using
the “ultrafine” grid. Each optimized structure was char-
acterized by harmonic vibrational frequency calculations
either analytically or numerically.

In order to assess the performance of various density func-
tionals for the anion complexes on the statistical grounds,
three different deviations, that is, mean absolute deviation
(MAD), mean signed deviation (MSD), and mean abso-
lute percent deviation (MAPD) were computed on the
DFT calculated results with respect to the reference value.
The main difference between MAD and MAPD is that MAPD
is more sensitive in those cases with smaller values in the
reference. For MSD, the negative number indicates that
the DFT calculated value is lower than the reference value.
Since there is little experimental data available for the X™—
HCCH complexes, the deviations were calculated rela-
tive to the ab initio CCSD(T) results as reference.

RESULTS AND DISCUSSION

The optimized equilibrium geometries of the halide-
acetylene anions, X —HCCH (X = F, Cl, and Br) are pre-
sented in 7able 1 and the structures of anions optimized at
the CCSD(T) level are shown in Fig. 1. In Table 1 and
thereafter, the H-bonded hydrogen is denoted with the *

o P 061 asn = J

(b) ,
‘J 2.241 A 9 ‘_—__‘ .
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Figure 1. Structures of the X™~HCCH anion complexes opti-
mized at the CCSD(T) level. (a) X =F, (b) X=Cl, (c) X=Br
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Table 1. Optimized geometries of the X —HCCH complexes (X=F, Cl, and Br)

Theoretical Investigation of the Hydrogen-bonded Halide-acetylene Anion Complexes

Method Total energy R(X-H")? R(H™-C)* R(C-C) R(C-H) ARH'-C)°
(hartree) A) A A) A) A)
F—HCCH
CCSD(T) —176.9865390 1.061 1.493 1.240 1.068 0.429
MP2 —176.9470930 1.125 1.395 1.239 1.065 0.333
B97-D —177.1893163 1.196 1.340 1.230 1.070 0.274
B3LYP —177.2970976 1319 1.229 1215 1.062 0.168
B3LYP-D3 -177.2981112 1331 1.225 1215 1.062 0.163
PBEIPBE —177.0884706 1.121 1.399 1.223 1.066 0.335
M06-2X ~177.2226307 1.057 1.506 1.222 1.065 0.443
CAM-B3LYP —177.2243303 1309 1231 1.209 1.062 0.169
LC-oHPBE —177.1698266 1279 1.253 1.208 1.065 0.188
LC-BLYP —176.8966563 1334 1213 1.198 1.062 0.150
©B97X-D —177.2272415 1.144 1.374 1219 1.064 0.311
ClI-HCCH
CCSD(T) —537.0168414 2241 1.093 1216 1.063 0.029
MP2 —536.9638344 2224 1.092 1218 1.061 0.030
B97-D —537.6392497 2279 1.100 1212 1.066 0.033
B3LYP —537.6907649 2277 1.092 1.202 1.061 0.031
B3LYP-D3 —537.6923416 2277 1.092 1.202 1.061 0.030
PBE1PBE —537.4103882 2209 1.099 1.203 1.063 0.035
M06-2X ~537.6175843 2264 1.091 1.200 1.062 0.029
CAM-B3LYP ~537.6388568 2267 1.091 1.197 1.061 0.029
LC-oHPBE —537.4741081 2262 1.094 1.196 1.061 0.029
LC-BLYP —537.1649207 2251 1.092 1.188 1.062 0.029
©B97X-D —537.6337622 2271 1.093 1.200 1.061 0.031
Br—HCCH

CCSD(T) —2650.0020651 2418 1.088 1215 1.063 0.024
MP2 —2649.9559703 2398 1.087 1218 1.061 0.026
B97-D —2652.9218560 2.545 1.091 1210 1.066 0.024
B3LYP —2651.6957003 2518 1.085 1.201 1.061 0.024
B3LYP-D3 —2651.6975004 2516 1.085 1.201 1.061 0.023
PBE1PBE —-2651.2556989 2.444 1.091 1.202 1.063 0.027
M06-2X —2651.6643178 2.500 1.085 1.199 1.062 0.022
CAM-B3LYP —2651.7423862 2.503 1.085 1.196 1.061 0.023
LC-oHPBE —2651.2348789 2497 1.088 1.195 1.064 0.022
LC-BLYP —-2651.0274910 2477 1.086 1.187 1.062 0.022
©B97X-D -2651.6871063 2513 1.086 1.199 1.061 0.024

*The symbol * denotes the H-bonded hydrogen.
°Changes relative to the C-H bond length in the free HCCH molecule

symbol. All halide-acetylene anion complexes were found to
have a linear configuration at the ground state. As shown
in Fig. 1, however, the fluoride-acetylene anion formed a
different structure compared to the other two anions. The
geometrical parameters optimized at the CCSD(T) level
suggested that the structure of the fluoride anion complex
nearly corresponds to the complex between F-H and CCH™
instead of between fluoride ion and acetylene. The distance
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0f 1.061 A between the F and H atoms is quite short, rather
close to the bond length of 0.92 A for the free HF mol-
ecule. This type of structure for the fluoride complex has
also been suggested in previous computational studies.'®*
The structures of the chloride and bromide complexes
were formed by the interaction between X~ and HCCH, as
indicated by large separation between the X and H atoms.

While different density functionals examined in the
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Table 2. Statistical analysis of the X—H* and C—H* bond lengths
calculated for X™~HCCH relative to the CCSD(T) values

Table 3. Hydrogen-bond energy AE, in kcal/mol of the X—-HCCH
complexes (X =F, Cl, and Br)

Method MAD(A)  MSD(A)  MAPD (%)
MP2 0.033 ~0.012 24 (6.3)°
B97-D 0.077 0.026 5.1(11.5)
B3LYP 0.110 0.021 8.0 (21.0)
B3LYP-D3 0.113 0.022 83(21.7)
PBEIPBE 0.037 ~0.005 2.6 (6.0)
M06-2X 0.021 0.018 1.0 (0.6)
CAM-B3LYP 0.104 0.015 7.7 (20.5)
LC-0wHPBE 0.093 0.013 6.8 (18.4)
LC-BLYP 0.104 0.010 8.0(222)
®B97X-D 0.055 0.014 3.6(7.9)

*The numbers in parentheses are obtained using the results on the fluoride
complex only.

present work predicted similar structures as the CCSD(T)
method for the chloride- and bromide-acetylene complexes,
the geometry of the fluoride complex varied significantly
depending on density functionals employed. As shown in
Table 1, the geometrical parameters for the fluoride com-
plex obtained with the M06-2X functional were very close to
those obtained with the CCSD(T) method, but other func-
tionals exhibited varying degrees of agreement with the
geometry predicted by the CCSD(T) method. In particu-
lar, the B3LYP and related functionals predicted consid-
erably longer F-H* and shorter H*—C bond lengths.
Table 2 presents statistical deviations computed on the
geometrical parameters optimized using various density
functionals with respect to the CCSD(T) values. Only the
bond lengths related with hydrogen bonding, that is, the
X—H* and C-H* bond lengths were included in compu-
tation of deviations. However, these statistical deviations
were most significantly affected by the results on the fluoride
complex, and therefore separate analysis was performed
only with the results on the fluoride complex and the MAPD
values were also listed in Table 2. As shown in Table 2,
most density functionals yielded longer X—-H* and C-H*
bond lengths than the CCSD(T) method predicted, as indi-
cated by the positive sign in MSDs. As already seen in
Table 1, the M06-2X functional yielded the smallest devi-
ations, and the PBE1PBE and ®B97X-D functionals also
resulted in relatively small deviations compared to other
functionals. On the other hand, the B3LYP, B3LYP-D3, LC-
BLYP, and CAM-B3LYP functionals showed rather poor
performance as shown in 7Table 2. Thus, it appears that dis-
persion correction or range-separated functionals are not
particularly effective in improving geometrical parame-

Method AE.. AZPE  AEq AE,
F-HCCH
CCSD(T) 2442 070  -1.85 2327(25.12)°
MP2 2332 156 -1.73  23.14(24.87)
B97-D 2349 186 052  24.82(25.35)
B3LYP 23.01 122 027 23.96(24.23)
B3LYP-D3 2346 111 —027 2430(24.57)
PBEIPBE 2621 142 -026 27.38(27.63)
M06-2X 2754 055 021  27.88(28.09)
CAM-B3LYP  23.71 122 —020 24.72(24.92)
LC-oHPBE 2268 139  —0.18 23.89(24.08)
LC-BLYP 2435 088  —0.15 25.08(25.23)

®»B97X-D 23.97 1.92 -023  25.66(25.89)

G4 21.79 23.96
WIBD 23.48 24.26
Other works 24.1°
CI-HCCH
CCSD(T) 1131 056  —0.90  9.85(10.75)*
MP2 1144 052 091  10.02(10.92)
B97-D 1015  -025  —0.13 9.78 (9.90)
B3LYP 9.84 -037 0.1 9,36 (9,47)
B3LYP-D3 1063 036  —0.11  10.16(10.27)
PBE1PBE 1107  —033  —0.10  10.64 (10.74)
M06-2X 1088  —043  —0.18 1027 (10.44)
CAM-B3LYP 1027 -042  —0.11 9.74 (9.85)
LC-oHPBE 9.97 -043  —0.12 9.42 (9.54)
LC-BLYP 1098  -047  —0.15 1036 (10.51)
©B97X-D 1040  -038  —0.10  9.92(10.02)
G4 10.52 10.47
W1BD 10.70 10.49
Other works 10.9°, 10.3¢
Br—-HCCH
CCSD(T) 1047 060 -1.88  7.99(9.87)"
MP2 1072 —056  -194  822(10.16)
B97-D 8.64 -026  —0.16 8.23 (8.39)
B3LYP 7.99 -035  —0.12 7.53 (7.65)
B3LYP-D3 8.93 -034  —0.12 8.47 (8.59)
PBE1PBE 9.10 -033  —0.12 8.66 (8.78)
M06-2X 9.04 -041  —020 8.43 (8.63)
CAM-B3LYP 839 -040  —0.12 7.87 (7.99)
LC-oHPBE 8.21 -041  —0.14 7.65 (7.80)
LC-BLYP 9.08 -044  —0.16 8.47 (8.63)
®B97X-D 8.61 -036 0.1 8.13 (8.24)
G4 8.53 8.24
Other works 9.1°,9.11°
Expt? 8.63

*Calculated without counterpoise correction.
°CCSD(T)/aug-cc-pVQZ energies, Ref. 20.
‘CCSD(T)/CBS energies, Ref. 17.

Ref. 15a.
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ters of ionic hydrogen-bonded complexes.

Table 3 presents the hydrogen-bond energies of the halide-
acetylene complexes estimated with zero-point energy and
BSSE corrections using various ab initio and DFT methods.
Also, the hydrogen-bond energies obtained by the W1BD
and G4 composite methods are listed for comparison in
Table 3. As shown in Table 3, the hydrogen-bond energies
for the fluoride complex were estimated to be quite large
in the range of 23-28 kcal/mol, probably due to the for-
mation of the H-F part in the [F-H---CCH]™ complex. On
the other hand, the hydrogen-bond energies for the chlo-
ride and bromide complexes were in the range expected
from typical hydrogen bonds. It is difficult to determine
errors involved in the hydrogen-bonded energies calcu-
lated in the present work since there is little experimental
energies reported for the halide-acetylene complexes. The
dissociation energy only for the bromide anion complex
has been reported from vibrational predissociation spec-
troscopy,'*® and the dissociation energy of 8.63 kcal/mol
is quite close to the hydrogen-bond energies calculated
here for the bromide complex. Also, the hydrogen-bond
energies estimated from CCSD(T) calculations are in rea-
sonably good agreements with previous CCSD(T) calcu-

Table 5. Harmonic and scaled frequencies in cm™ of HCCH

Table 4. Statistical analysis of the hydrogen-bond energies of
X—HCCH relative to the CCSD(T) values

MAD MSD MAPD
Method (kealmol)  (kcal/mol) %)
MP2 0.17 0.09 17 (0.6
BY7-D 0.62 0.57 35(67)
B3LYP 055 2009 46 (3.0)
B3LYP-D3 061 0,61 46 (44)
PBEIPBE 1.86 1.86 11.4(17.6)
M06-2X 1.82 1.82 9.9 (19.8)
CAM-B3LYP 0.6 041 29(62)
LC-oHPBE 046 0,05 3727
LC-BLYP 0.94 0.94 63(738)
©B97X-D 0.87 0.87 43(103)

“The numbers in parentheses are obtained using the results on the fluoride
complex only.

lations on these anion complexes.!”?°

While the hydrogen-bond energies calculated at the
MP2 level were quite close to those at the CCSD(T) level,
the hydrogen-bond energies estimated using the DFT meth-
ods showed larger variations depending on the function-
als employed, especially for the fluoride complex. Table 4
presents statistical deviations calculated on the hydrogen-

2024, Vol. 68, No. 2

Method Scale factor ) (Gy) o (G,) ®; (0y) 04 (Ty) ®s (T,) RMSD

CCSD(T) 3503 1995 3395 593 749 65.1
0.9710 3401 1937 3296 576 727 26.0

MP2 3534 1968 3432 601 754 82.1
0.9645 3408 1898 3310 580 727 36.7

B97-D 3459 2009 3357 609 747 44.1

0.9790 3386 1966 3286 596 732 9.9

B3LYP 3517 2068 3412 666 769 87.3
0.9588 3372 1983 3272 639 738 16.6

B3LYP-D3 3514 2066 3409 667 770 85.9
0.9596 3372 1983 3271 640 739 17.5

PBEIPBE 3529 2080 3421 675 776 96.3
0.9550 3370 1987 3267 645 741 20.7
MO06-2X 3535 2103 3421 707 790 110.4
0.9507 3360 1999 3253 672 751 384
CAM-B3LYP 3529 2103 3420 710 781 108.5
0.9518 3359 2001 3255 676 744 39.1
LC-oHPBE 3536 2122 3422 746 794 125.6
0.9470 3349 2010 3241 707 752 57.5
LC-BLYP 3545 2152 3427 775 800 143.1
0.9418 3339 2027 3228 730 754 72.6
oB97X-D 3529 2090 3420 694 780 102.3
0.9534 3365 1992 3261 661 744 304

Expt® 3374 1974 3289 612 730
Ref. 39.
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bond energies using the CCSD(T) energies as reference.
As in the analysis on geometrical parameters, separate
deviations were also calculated with the results on the fluo-
ride complex. Examining the results on all three anion com-
plexes, the LC-oHPBE functional was the best performer
for the hydrogen-bond energies. The CAM-B3LYP and B97-
D functionals showed relatively good performance although
the results on the fluoride complex were not quite satis-

factory. On the other hand, the PBE1PBE and M06-2X
functionals gave rather poor performance, whose perfor-
mance has been noted previously in the systems with non-
bonded and hydrogen-bonding interactions.*>*¢ We also
note that the B3LYP functional yielded very close values
to the CCSD(T) energies. This is a little surprising since
the B3LYP functional is known to give unsatisfactory results
for hydrogen-bond energies.*”*

Table 6. Scaled harmonic frequencies in cm™ of the X —HCCH complexes (X = F, Cl, and Br)

Method o (0g) 0, (Gp) 03 (Gp) 04 (Og) os () 0 () o7 (1)
F-HCCH
CCSD(T) 3296 1878 1497 295 1201 543 156
MP2 3318 1864 800 292 1236 556 160
B97-D 3288 1949 503 444 1210 555 153
B3LYP 3302 2051 994 308 1188 588 177
B3LYP-D3 3303 2058 1053 318 1185 590 178
PBEIPBE 3282 1954 935 365 1210 584 161
M06-2X 3269 1948 1703 345 1152 607 155
CAM-B3LYP 3295 2071 975 309 1197 613 187
LC-oHPBE 3281 2065 847 322 1212 638 190
LC-BLYP 3282 2125 1166 317 1195 655 196
®»B97X-D 3282 1974 631 295 1221 594 169
CI'-HCCH
CCSD(T) 3353 2963 1880 153 912 577 148
MP2 3365 2946 1839 153 912 581 146
B97-D 3337 2877 1889 130 892 588 135
B3LYP 3330 2909 1917 138 904 621 140
B3LYP-D3 3330 2912 1916 140 902 622 138
PBEIPBE 3326 2851 1909 149 919 627 144
M06-2X 3319 2925 1937 145 914 656 141
CAM-B3LYP 3318 2918 1939 141 915 650 144
LC-oHPBE 3306 2911 1948 137 926 676 147
LC-BLYP 3300 2915 1968 146 934 691 147
®B97X-D 3322 2913 1928 140 907 640 142
Expt® 2938
Br—HCCH
CCSD(T) 3357 3023 1891 126 904 579 144
MP2 3368 3009 1849 127 904 583 142
B97-D 3343 2991 1911 92 853 592 122
B3LYP 3333 2996 1932 103 870 626 129
B3LYP-D3 3333 3000 1932 104 867 627 126
PBE1PBE 3329 2950 1928 111 883 631 132
M06-2X 3322 3012 1952 110 880 659 128
CAM-B3LYP 3322 3002 1954 105 882 655 132
LC-0oHPBE 3310 2996 1964 103 893 681 135
LC-BLYP 3303 2991 1982 109 902 696 135
®»B97X-D 3326 3001 1944 105 873 645 130
Expt® 3340 2981.28
"Ref. 14a
*Ref. 15a.
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Before determining vibrational frequencies of the halide-
acetylene complexes, frequencies of the free acetylene mol-
ecule were calculated to determine the proper scale factor
for each method. As shown in Table 5, the calculated har-
monic frequencies of acetylene exhibited considerable
deviations from the experimental frequencies,* and the
root-mean-square deviations (RMSD) were quite large. Since
the accurate experimental frequencies are available for
acetylene,* the scale factors were determined for each
method by minimizing the deviation of calculated harmonic
frequencies from experiment in linear least-squares man-
ner, and the resulting scale factors are presented in 7able 5.
After applying the scales factor, the deviation from the
experimental values, and accordingly the RMSD value
decreased considerably. The B97-D and B3LYP function-
als, in particular, yielded very excellent results after scaling,
leading to a better agreement than the ab initio CCSD(T)
and MP2 methods.

Table 6 shows the scaled harmonic frequencies of the
halide-acetylene complexes calculated at various levels
along with the experimental frequencies available. Upon
complexation of the acetylene molecule with halide ion,
the symmetric and antisymmetric C—H stretch modes of
acetylene transform into local modes, ®; and m,, that cor-
respond to motion of the free and bound protons, respec-
tively. For the fluoride complex, the frequency of the m;
mode, which corresponds to H-F stretching motion in the
complex, showed quite a large variation depending on the
level of theory. This result, along with the result on the opti-
mized geometry of the fluoride complex, suggests that the
accurate description of the fluoride-acetylene complex is
quite difficult and more careful study is needed. For the
chloride and bromide complexes, the scaled frequencies
obtained at various levels showed much smaller variations.
For these anion complexes, a few experimental frequencies
are available for the ®; and @, modes from vibrational pre-
dissociation spectroscopy.'*!> As shown in Table 6, the
scaled frequencies are in reasonably good agreement with
the experimental values.

Table 7 shows the statistical deviations calculated on the
scaled harmonic frequencies of the halide-acetylene com-
plexes. While the scaled MP2 frequencies were the clos-
est to those of CCSD(T), density functionals examined here
gave rather similar performance with slightly larger devi-
ations compared to the MP2 method. The PBE1PBE, M06-
2X, and B3LYP functionals yielded relatively small devi-
ations compared to other functionals. However, the B3LYP
functional has often shown better performance over the
CCSD(T) method in estimating vibrational frequencies
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Table 7. Statistical analysis of the vibrational frequencies of X~
—HCCH relative to the CCSD(T) values

Method MAD (cm™) MSD (em™')  MAPD (%)
MP2 33.4 222 2.7 (6.5
B97-D 58.9 -36.1 8.4 (13.1)
B3LYP 46.9 -79 6.7 (9.3)
B3LYP-D3 46.4 5.6 7.0 (9.5)
PBEI1PBE 483 -122 5.9(8.8)
MO06-2X 41.8 17.9 6.3 (6.8)
CAM-B3LYP 53.8 2.0 7.7 (11.6)
LC-oHPBE 66.2 49 9.2 (14.3)
LC-BLYP 61.7 223 9.0 (13.7)
®B97X-D 59.5 -17.8 7.2(10.2)

*The numbers in parentheses are obtained using the results on the fluoride
complex only.

and related properties.*®*! Therefore, statistical deviations
calculated using CCSD(T) frequencies as reference in
Table 7 may be misleading, and B3LYP frequencies may
serve better as reference. When the statistical deviations
were calculated relative to B3LYP frequencies as reference,
the MAPD values were found to be small in the order of
CAM-B3LYP (2.2%), ®B97X-D (2.9%), LC-oHPBE (4.2%),
and, PBE1PBE (4.3%) functionals.

CONCLUSION

In the present study, the halide-acetylene anion com-
plexes have been investigated by using several different
ab initio and DFT methods to characterize ionic hydro-
gen-bonded complexes and to assess the performance of
various density functionals. The halide-acetylene complexes
all have linear equilibrium structures. However, it was
found that the fluoride complex behaves differently with
the character of [F-H---CCH]", while the chloride and
bromide ions form hydrogen-bonded complexes with the
acetylene molecule. The hydrogen-bond energies of the
halide-acetylene anions were estimated with zero-point
energy and BSSE corrections. Although for the fluoride
complex, some variations in hydrogen-bond energies were
observed depending on density functionals employed, the
variations were much smaller for the chloride and bro-
mide complexes. The vibrational frequencies of the anion
complexes were estimated using scale factors determined
based on the experimental frequencies for the free acetylene
molecule. Although only a few experimental frequencies
had been reported, the scaled harmonic frequencies for the
complexes agreed quite well with the experimental fre-
quencies available.
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The performance of various density functionals employed in
the present study was assessed by examining statistical
deviations with respect to the ab initio CCSD(T) results.
The density functionals employed in the present work showed
quite different performances depending on the properties
of interest. For the geometrical parameters related with
hydrogen bonding, M06-2X produced the closest results
to those predicted by the CCSD(T) method and to a lesser
extent, PBE1PBE and ®B97X-D yielded closer results to
CCSD(T). On the other hand, the LC-oHPBE, CAM-B3LYP,
and B97-D functionals were among the best performers
for hydrogen-bond energies, but PBE1PBE and M06-2X
yielded rather poor results. Density functionals examined
in the present study gave rather similar performance for
the vibrational frequencies, although the PBE1PBE, M06-
2X, and B3LYP functionals yielded relatively smaller
deviations from the CCSD(T) frequencies. The present study
suggests that molecular structures and properties cannot
be treated equally with a single density functional, but care-
ful consideration is needed in choosing density function-
als appropriate for the molecular property of interest.
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