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Software and computational details

Field-free equilibrium structures of pyr:CsFsX were obtained employing the MP2 method in combination with Dun-
ning’s correlation-consistent aug-cc-pVDZ basis set. ! For the heavy atoms (bromine and iodine), the corresponding
effective core potential (aug-cc-pVDZ-PP) ! were applied to include scalar relativistic effects. Kozuch and Martin
showed that relativistic ECP in combination with the non-relativistic Hamiltonian provides binding energies of XB
systems in excellent agreement with those obtained using the all-electron Douglas—Kroll (DK) Hamiltonian. Field-
free equilibrium structures of HCN:BrF, HCN:IF, HCN:HCIl, HCN:HNC, and HCN:HCN dimers were obtained at
the MP2 level in combination with Dunning’s correlation-consistent aug-cc-pVTZ basis set. ! Harmonic vibrational
analysis was performed at the same level of theory to confirm that the optimized structures were true minima. All
field-free computations were performed with the Gaussian program.! Field-dependent geometry optimizations and
property calculations were carried out using custom computer programs. ! VP-EDS calculations were performed us-
ing a modified in-house version of the Gamess (US) program. ! The VP-EDS partitioning of the excess properties is
fully consistent with the utilization of the MP2 method for the evaluation of the total electronic and nuclear-relaxation
properties of complexes. Our choice of the basis set was based on a study performed by some of /) which showed
that for medium-sized systems aug-cc-pVDZ provides reliable results for both electronic and nuclear-relaxation (hy-
per)polarizabilities. In the FF-NR approach, ! it is necessary to apply an identical level of theory for both the field-
dependent geometry optimization and property calculations. This requirement imposes certain constraints on the ab
initio method and the size of the basis set that can be utilized. In a previous study!®l of our group we concluded
that MP2 is a reliable method for the analysis of both electronic and vibrational properties of XB complexes and, in

particular, for unraveling the interplay of interaction types contributing to the excess (hyper)polarizabilities.

All the harmonical vibrational calculations can be accessed at http://dx.doi.org/10.19061/iochem-bd-4-62
onto the IOCHEM-BD platform (www.iochem-bd.org) to facilitate data exchange and dissemination, according to

the FAIR principles of OpenData sharing.


http://dx.doi.org/10.19061/iochem-bd-4-62
www.iochem-bd.org

Table S1: Intermolecular interaction energy decomposition for pyr:CeFsX complexes, where X is Cl, Br, or I, per-

formed at the MP2/aug-cc-pVDZ(PP) level of theory. All values are given in kcal/mol.

10 12 20 2

eq’  AENS AR ey ey AR AERT AR AENT
pyr:iCeFsCl 5183 7.163 -1579 -0.549 -4786 1860 0401 -3475 -3.074
pyr:CeFsBr  -11.000 14810 -4171 -1.141 -6.804 3235 -0361 -4711 -5.072

pyr:C¢FsI  -19.310 26.082 -8.798 -1.803 -9.299 5381 -2.027 -5.722 -7.749
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Figure S1: Linear correlation between partition terms of the interaction energy of (a) pyr:CgFsI and pyr:CgFsBr, (b)
pyr:CgFsI and pyr:CgF5Cl and (c) the pyr:CgFsBr and pyr:CgF5Cl complexes. Energies are given in kcal/mol.



Figure S2: Ground state equilibrium geometries of D:CgFsX complexes optimized at MN15/aug-cc-pVDZ(PP) level
of theory obtained from ref.
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Figure S3: Linear correlation between partition terms of the interaction energy of pyr:C¢FsI and (a) D:C¢FsCl, (b)

D:C¢F5Br and (c) D:CgFsI complexes. Energies are given in kcal/mol.

Table S2: Intermolecular interaction energy partitioning of D:C¢FsX complexes at RI-MP2/aug-cc-pVDZ(PP) level

of theory. All values are given in kcal/mol.

(10) HL HF HF RI-MP2 RI-MP2
e AEHL  AENE AEHF  AE AE]

el int corr int

D:CeFsCl  -3.421 4279 -0.927 -0.069 -3.017 -3.086
D:CgFsBr -9.288  12.136 -3.393 -0.545 -4.652 -5.197
D:C¢FsI  -16.140 21.091 -7.083 -2.132 -5.794 -7.926




Table S3: Coefficient of determination (R?) of the linear fits between partition terms of the intermolecular inter-
action energy of all halogen-bonded and hydrogen-bonded complexes studied in this work and ®- stacking (ben-
zene:trifluorobenzene, trifluorobenzene:trifluorobenzene, and hexafluorobenzene:trifluorobenzene) systems studied in

ref. 17.

pyr:C6F5Br
pyr:C6F5I
HCN-IF
HCN-BrF
HCN-Hcl
HCN-HNC o
HCN-HCN o o
ben-tri 0.43 we o
tritri 0.39 1.00 W
hex-tri 0.41 1.00 1.00
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Figure S4: Difference IR spectrum obtained by subtracting the simulated IR spectra of pyr and C¢FsBr from the
IR spectrum of the pyr:CgFsBr complex, as well as the displacements of: a) an intermolecular vibrational stretching

mode (VZ” ), b) C-X stretching of C¢FsBr, which involves a change in the halogen bond distance (vg_x ), ¢) one local

vibrational mode from CgFsBr that involves the distortion of the aromatic cycle (vfGFSB’) , and d) a rocking in-plane

bending of the hydrogens of the pyridine (v2").
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Figure S5: Difference IR spectrum obtained by subtracting the simulated IR spectra of pyr and C¢FsCl from the IR
spectrum of pyr:CgFsCl complex and the displacements of: a) an intermolecular vibrational stretching mode (vi*),

b) C-X stretching of C¢FsCl, which involves a change in the halogen bond distance (VE*X ), ¢) one local vibrational

mode from CgF5Br that involves the distortion of the aromatic cycle (VCCGFSCI

the hydrogens of the pyridine (V2*").

), and d) a rocking in-plane bending of

Table S4: Coefficient of determination (R?) of the linear fits between partition terms of the interaction energy of
int \,C—X |,CeF5X

pyr:C¢FsX and the shift in frequency upon complexation for vg", v; =%, v 7, and ng " vibrational modes
vibrational mode  AEY”  AEHU  AENF AE(Y  AEQ)  AER
vint 097 096 094 099 098 096
ve X .00 100 1.00 100  1.00  1.00
vEofsX 096 096 094 099 098 095
v 038 039 044 031 034 040

Table S5: Excess IR intensity partitioning of the four studied vibrational modes for the pyr:C¢FsCl complex at
MP2/aug-cc-pVDZ(PP) level of theory. All values are given in km/mol.

vibrational mode  AIY” AL AINE ALY ALY AIE AIE O AIEZ AP
vint 389 -579 192 056 L1l -091 002 076 078
Ve 422 304 192 031 073 -031 311 077  3.88
veerset 1486 -8.16 -670 146 262 -641 117 -321 -2.04
v 432 -3.88 216 129 043 -043 259 043  3.02




Table S6: Excess IR intensity partitioning of the studied vibrational modes for the pyr:CgFsBr complex at MP2/aug-
cc-pVDZ(PP) level of theory. All values are given in km/mol.

vibrational mode  AIY” Al AR AIY A AR AT AR AP
vint 809 -1349 596 098 227 -155 070 170 240

veX 1834 -1901 13.65 1.16 423 -1.08 1287 431 17.18

yCersBr 1013 -17.66 -12.98 441 389 -10.65 -20.51 -321 -23.63
v 475 000 173 173 000 -043 648 043  6.04

Table S7: Excess IR intensity partitioning of the studied vibrational modes for the pyr:C¢FsI complex at MP2/aug-
cc-pVDZ(PP) level of theory. All values are given in km/mol.

10)

vibrational mode  AIJ”  AHL  AHE Af(D AfR0 A2 AfHE ApMP2 g pMP2

elr disp int corr int
yint 33.83 -53.92 2859 306 504 642 850 1.68 10.18
Ve X 36.93 -3493 3223 144 626 287 3424 497 3921

vEofs! 551  13.66 -5537 623 527 -935 -32.84 216 -30.92
v 13.81 2588 2373 431 086 259 1596 259 18.54

Table S8: Coefficient of determination (R?) of the linear fits between the excess IR intensity and the interaction energy
for the four studied vibrational modes of pyr:CgFsX complexes (second column); and between the excess IR intensity

contributions and interaction energy contributions for each vibrational mode for each molecular complex.

Vibrational mode ~ AE vs AI'  pyr:CgFsCl  pyr:C¢FsBr  pyr:CgFslI

vint 0.93 0.89 0.93 0.93
Vi X 1.00 0.78 0.89 0.88
vEorsX 0.88 0.57 0.62 0.08
Vi 0.94 0.76 0.41 0.22
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Figure S6: Linear fits between interaction-type contributions for the interaction energy (AP = AE) and the correspond-

ing terms of the excess IR intensity (AP = Al) for Viam for the pyr:CgFsCl complex. Energies are given in kcal/mol and
intensities in km/mol.
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Figure S7: Linear fits between interaction-type contributions for the interaction energy (AP = AE) and the correspond-
ing terms of the excess IR intensity (AP = Al) for VL‘“ for the pyr:CgFsBr complex. Energies are given in kcal/mol and

intensities in km/mol.
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Figure S8: Linear fit between the partition terms for the interaction energy and the corresponding terms of the excess
IR intensity for vf‘x for (a) pyr:CeFsCl, (b) pyr:CsFsBr and (c) pyr:CgFsI complexes. Energies are given in kcal/mol

and intensities in km/mol.
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Figure S9: Linear fit between the partition terms for the interaction energy and the corresponding terms of the excess
IR intensity for VCCéFSX for the (a) pyr:CsFsCl, (b) pyr:CsFsBr and (c) pyr:CgFsI complexes. Energies are given in

kcal/mol and intensities in km/mol.
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Figure S10: Linear fit between the partition terms for the interaction energy and the corresponding terms of the excess
IR intensity for ng " for the (a) pyr:C¢FsCl, (b) pyr:CgFsBr and (c) pyr:C¢FsI complexes. Energies are given in

kcal/mol and intensities in km/mol.

10



a0
Alg Alfg = A AIGY - AIED o AID

90 40 50
75

_ 40
20
60 — . 30

~
Q
N7
~
o
—
~
)
~

2 * 5 0 T 20

< 30 — £ E

T T 20 £ 10

= B = = C—

=i 3 3 0 ' T

0 -40
-15 -10
-30 0 -20

-45 -80 -30
aJ’/:DnJ'/:.Op.h:C 'OJ'/:ObJ'/:b'oJ'/:D 0.1’/:.00.1'/:. 'O.P,:.O
YRV VN0 Y

Figure S11: Excess IR intensity partitioning of the a) v§ X, b) ve*5* and ¢) v/ for the pyr:C¢FsX complexes at the

equilibrium geometries at MP2/aug-cc-pVDZ-PP level of theory.

Table S9: Intermolecular interaction energy decomposition for a series of small complexes performed at the MP2/aug-

cc-pVTZ(PP) level of theory. All values are given in kcal/mol.

(10) HL HF (12) (20)
Eel AEex AEd«:l el £disp

HCN:IF  -23.610 34.649 -15484 -1.248 -10.438 6.109 -4.445 -5576 -10.021
HCN:BrF  -19.969 30.441 -12.830 -1.064 -9.577 4.798 -2.358 -5.843  -8.201
HCN:HCI  -8.439 10.210 -3.824 -0.087 -3980 1.284 -2.053 -2.783 -4.836
HCN:HNC -10.222 9368 -4.186 -0.518 -3.405 1411 -5.040 -2.512 -7.552
HCN:HCN -6.9200 4978 -1.893 0362 -2.198 1.029 -3.835 -0.806 -4.641

AES)  AEHF  AEMP2 ApMP2

int corr int

() ———9 ®e—=
(b) o—0O—@ o &—
(© =—==-@ @ —oO

Figure S12: Displacements of a) an intermolecular vibrational stretching mode, b) I-F stretching and c) H-C stretching
located on the HCN monomer for the HCN:IF dimer.

Table S10: Excess IR intensity partitioning of the studied vibrational modes for the HCN:IF complex at MP2/aug-cc-
pVTZ(PP) level of theory. All values are given in km/mol.

vibrational mode  AIY” Al ARE ALY AIRY AIY AIF AR AP
Intermolecular 2872 -39.37 3279 -051 -3.66 -245 2214 -664 1550
IFstretching  49.96 1925 7172 -11.34 -264 554 13974 -844 130.78

H-C stretching  65.85 -17.56 35.12 4.39 0.00 439 8341 8.78 92.19

11
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Figure S13: Displacements of a) an intermolecular vibrational stretching mode, b) Br-F stretching and ¢) H-C stretch-
ing located on the HCN monomer for the HCN:BrF dimer.

Table S11: Excess IR intensity partitioning of the studied vibrational modes for the HCN:BrF complex at MP2/aug-
cc-pVTZ(PP) level of theory. All values are given in km/mol.

vibrational mode  AZY” AL AR ALY ALY AIY AIRF O ADNP2 AR
Intermolecular 6343 -118.83 71.19 288 884 -11.09 1662 020 1682
Br-Fstretching  62.08 077 9604 -11.52 200 -123 159.04 -1091 148.13

H-C stretching ~ 57.23  -17.61 26.41  0.00 0.00 4.40 66.04 4.40 70.44

(1) —=—E—9  E—Ho—
(b) o—0O—0 —»
© —a0 00

Figure S14: Displacements of a) an intermolecular vibrational stretching mode, b) H-Cl stretching and c¢) H-C stretch-
ing located on the HCN monomer for the HCN:HCI dimer.

Table S12: Excess IR intensity partitioning of the studied vibrational modes for the HCN:HCI complex at MP2/aug-
cc-pVTZ(PP) level of theory. All values are given in km/mol.

vibrational mode AIE(Il 0) AI&L Algg Ale(llf) Aléizs(;) Aléx AIlIgtF Ng‘g? AImI\/Ith
Intermolecular 10.42 -18.17 12.96 -0.05 2.27 -1.37 5.21 0.86 6.06
H-Cl stretching ~ 799.63  -503.58 961.38 -33.57 152.60 18.31 1257.42 13429 1391.72

H-C stretching 26.54 -8.85 4.42 4.42 0.00 0.00 22.12 4.42 26.54
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Figure S15: Displacements of a) an intermolecular vibrational stretching mode, b) H-N stretching and ¢) H-C stretch-
ing located on the HCN monomer for the HCN:HNC dimer.
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Table S13: Excess IR intensity partitioning of the studied vibrational modes for the HCN:HNC complex at MP2/aug-
cc-pVTZ(PP) level of theory. All values are given in km/mol.

vibrational mode ~ AI{” AL ALF ALY AR AR ABE AP AN
Intermolecular 7.43 -10.58 8.85 -0.33 0.50 -0.33 5.70 -0.17 5.54

H-N stretching  935.14 -305.45 1024.42 -108.08 65.79 126.88 1696.41 84.59 1766.90
H-C stretching 61.35 -8.76 30.68 4.38 0.00 4.38 83.27 8.76 92.03

(@) +—e——@ —=—
b =00 —=-@
(©) —=—0 = O—@

Figure S16: Displacements of a) an intermolecular vibrational stretching mode, b) H-C stretching located on the right-
hand HCN monomer and c¢) H-C stretching located on the left-hand side HCN monomer for the HCN:HCN dimer.

Table S14: Excess IR intensity partitioning of the studied vibrational modes for the HCN:HCN complex at MP2/aug-
cc-pVTZ(PP) level of theory. All values are given in km/mol.

vibrational mode ~ AI[”  AIHL  AfHF - AfUD 0 AfR0 Af A pHE ApMP2 o pMP2

el,r disp int corr int

Intermolecular 4.92 -6.61 3.51 -0.14  0.96 -0.71 1.83 0.10 1.93
H-C (A) 14485 -21.95 12290 -878 8&.78 17.56 24141 13.17 254.58
H-C (B) 175.57 -39.50 10534 -439 13.17 24141 8.78 17.58 254.58

Table S15: Coefficient of determination (R?) for the linear regression between the excess IR intensity contributions

and interaction energy contributions for three vibrational modes of small X:B and H:B complexes.

complex stretching intermolecular

H-R X-F H-C

HCN:IF - 0.20 0.67 0.86
HCN:BrF - 0.34 0.65 0.94
HCN:HCI  0.73 - 0.67 0.87
HCN:HNC 0.64 - 0.71 0.83
HCN:HCN 0.65 - 0.80 0.88

13
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