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Chloroform—nitrogen aggregates: upshifted CH and
downshifted CCI stretching vibrations observed by matrix
isolation and jet expansion infrared spectroscopy
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Aggregates of chloroform with nitrogen are studied by broad band Fourier transform infrared spectroscopy in

neon, argon and nitrogen cryomatrices as well as supersonic jet expansions. The CH stretching vibration Vi

shows spectral blue-shifting upon switching from isolated gas phase conditions to bulk nitrogen matrices, which

can be reconstructed incrementally by stepwise cluster formation with an increasing amount of N both in super-

sonic expansions and neon or argon matrices. Vice versa, the CCl stretching vibration Vs is incrementally down-

shifted. A small CH stretching upshift is observed in the chloroform homodimer as well.

Keywords: supersonic jet expansion, FTIR, aggregates, frequency shift.

1. Introduction

The formation of XH--Y hydrogen bonds is typically as-
sociated with an elongation of the XH bond and a corre-
sponding spectral downshift of the XH stretching vibration
[1-3]. However, some combinations of hydrogen bond do-
nor and acceptor, often involving electron-deficient CH
bonds [4-6], result in hydrogen bonding marked by spectral
XH stretching blue-shifts [7-10]. Haloforms such as chloro-
form (CHCl3) offer the possibility of such blue-shifting hy-
drogen bonding [11] depending on the acceptor [12—-14].

Chloroform itself and various aggregates have been ex-
tensively studied by infrared [13—18], microwave [19] and
cavity ring-down [20] spectroscopy as well as vibrationally
assisted dissociation and photofragment ionization [21] in
the gas phase and infrared spectroscopy in liquid krypton
[22] as well as cryogenic argon matrices [12,23], which
found a smooth transition from up- to downshifts of the CH
stretching vibration with varying hydrogen bond acceptors
such as Ny, CO, Hy0O, and CH3CN [12]. In supersonic ex-
pansion and gas phase, adducts of chloroform and ammo-
nia show significant downshifts [14,24], while SO, comp-
lexation induces an upshift [13,25].
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In the present contribution we confirm the CH stretching
blue-shift in the hydrogen bonded chloroform nitrogen com-
plex in neon and argon matrices, which is also repeated in
the gas-to-matrix shift between isolated monomers in the gas
phase and in bulk nitrogen matrices. The chloroform
homodimer in helium expansions also displays a small CH
stretching upshift. Signs of cluster formation are also ob-
served in the very intense, doubly degenerate and E-sym-
metric CCl stretching mode, which is downshifted from the
monomer band position.

2. Experimental section

Gas mixtures for matrix isolation experiments [26—29]
were prepared with chloroform (Carlo Erba, 99.9%, stabi-
lized with 0.6—1% ethanol) purified from solved gases
through multiple freeze-pump-thaw cycles under primary
vacuum. The partial ratio C/N2/MG (C, chloroform, MG,
matrix gas) in the matrix gases neon (Air Liquide, N50
grade), argon and nitrogen (Air Liquide, N60 grade)
ranged from 1.3/0/1000 to 5/150/1000. A gold-plated cop-
per cube cooled to 4.7 K for neon and 20 K for argon and
nitrogen matrices by a closed-cycle cryogenerator (Cryo-
mech, PT-405) served as sample-carrier for deposition. A
chrome-plated brass shield kept at =32 K protected both
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cryogenic head and sample-carrier from thermal back-
ground radiation. A 50 Q resistor was used for controlled
heating (Lakeshore, Model 336) of the sample carrier,
while a turbomolecular pump ensured a background pres-
sure of 10°/ mbar in the vacuum chamber. Fourier trans-
form infrared (FTIR) spectra were all recorded at 4.7 K in
the reflection mode using a Bruker IFS 66/S spectrometer
(resolution: 0.12 cmﬁl) equipped with a MCT detector.

Pulsed supersonic expansions [30] were performed with
premixed gas compositions comprised of helium (Linde,
99.996%) and chloroform (TCI, >99%, stabilized with
ethanol) optionally mixed with nitrogen (Air Liquide,
99.999%) in partial ratii (C/Np/He) ranging from
1/25/1000 to 1/150/1000. The gas was stored in a 67 L
Teflon coated reservoir at a stagnation pressure of 0.75 bar,
guided into a preexpansion chamber via six high through-
put solenoid valves and entered the vacuum chamber
through a (600x0.2) mm’ slit nozzle. The resulting super-
sonic expansion was probed perpendicularly by the infra-
red beam from a Bruker IFS 66v/S FTIR spectrometer at a
resolution of 2 cm’' equipped with a 150 W tungsten
lamp, CaF; optics and a liquid nitrogen cooled 3 mm? InSb
detector. Sufficiently low background pressures of 0.1 mbar
during 147 ms gas pulses to minimize recompression shock
waves caused by background gas were maintained by an
attached 23 m* buffer volume, a series of roots pumps at a
speed of 2500 m>h ' anda25's delay between subsequent
pulses. A more detailed description of the setup (filet-jet)
can be found in Ref. 30.

3. Quantum chemical calculations and nomenclature

Employed molecule abbreviations (C, chloroform, N, ni-
trogen) are repeated in hydrogen bond direction to describe
cluster compositions according to the number of monomer
units present in an aggregate. Possible docking sites of the
acceptor molecule at chloroform include the CH proton (H)
as well as the carbon (C) and one of the chlorine atoms (Cl),
respectively, and are marked by subscripts at the hydrogen
bond acceptor molecule. The most stable CciCcp homodimer
of chloroform (Fig. 1, see also higher energy conformers in
Fig. S1, Supplementary material (SM)) features a double
CH--CI hydrogen bond, differing from the minimum energy
CCc structure found at the MP2/aVQZ level [31].

The most stable heteroaggregates with nitrogen (Fig. 1,
see also higher energy conformers in Figs. S2—S7, SM) dis-
play a progressive coordination of the CH group with in-
creasing nitrogen addition, correlating with predicted spec-
tral CH stretching upshifts and significant infrared intensity
enhancements (Table 1, predictions for higher energy con-
formers in Table S2, SM). Predictions for the doubly degen-
erate CCl stretching vibration are somewhat ambiguous with
small spectral upshifts for the first part and small down-
shifts for the second part (Table 2, predictions for higher
energy conformers in Table S3, SM). Predicted dissociation
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CciCer [Cs] (16.0) CCc[Cy]1(13.6)

CNy[Cs] (5.6)  CNgNg[Cg] (11.7)  CNuNuNp [Csy] (18.4)

CciCciNH[C] (22.3) CaNuCci[Cq] (22.1)

CciNHCaINH[C1] 30.6)  CciCcNyNy[C1] (30.6)

CaNHCeNENH[C1] (38.0)  CaNHNCICaINH[C1] (36.9)

Fig. 1. Most stable structures of chloroform homo- and hetero-
aggregates with nitrogen optimized at the B3LYP-D3(BJ)/def2-
QZVP level. Molecular symmetry point groups are given in
brackets, dissociation energies into stable monomers including
harmonic vibrational zero-point correction in kJ'mol " in paren-
theses.

energies for nitrogen complexation are about one third of the
homodimer formation energy, therefore competition between
both needs to be avoided by choosing appropriate experi-
mental conditions such as low chloroform concentrations in
both cryogenic matrices and supersonic jet expansions.
Anharmonic vibrational frequencies calculated with se-
cond order vibrational perturbation theory (Gaussian09
Rev. EO1 [32], VPT2 [33]) are unreliable due to unphysical
predictions for low-frequency large amplitude motions which
affect localized high-frequency modes like the CH stretching
vibration through their respective coupling constants.

4. Results and discussion

With the broadband FTIR spectrometer, data for both the
CH and CCI stretching vibrations in cryogenic matrices
were obtained simultaneously, while spectra in helium ex-
pansions are restricted to the CH stretching region.
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Table 1. Theoretically predicted harmonic (wcy) CH stretching wavenumbers for the *Cland *'c1 isotopologues as well as their

respective difference in cm_l, IR intensity (S) in km'mol_l, spectroscopic shifts (Amcyy) relative to the corresponding vibration in the

35 . . — .
pure ~~Cl chloroform monomers or dimers in cm , lowest predicte

. . T .
d harmonic (o, ) wavenumber in cm , dissociation energy into the

most stable monomers without (De) and with (Dg) harmonic vibrational zero-point energy in kJ -mol . All properties were calculated at

the B3LYP-D3(BJ)/def2QZVP level of theory

Structure O3S | Se | Ceuda| Se  |AP%k3Sa|Pen3Sa " Cenda o De Dy
C 3169 1 3169 1 — 0 258 — —
CeCer 3183 13 3183 13 14 0 ) 176 16.0
3174 5 3174 5 5 0
CCe 3185 13 3185 13 16 0 b 15.0 13.6
3170 3170 1 0
CNg 3185 3185 4 16 0 21 7.2 5.6
CNyNy 3199 9 3199 9 30 0 11 14.8 11.7
CNgNgNyg 3216 17 3216 17 47 0 10 22.8 18.4
CoCeNi 3201 19 3201 19 18 0 10 2.6 233
3174 3174 5 0
ColNCal 3123 193 323 193 6 g ’ 263 21
CemnCedn | S0 | 10 | e | w0 | s : o | 34 | 0
CoCoNiNGg 3206 16 3206 16 23 0 4 353 306
3182 13 3182 13 8 0
CoNHCeNNY 3206 17 3206 17 23 0 7 444 38.0
3200 18 3200 18 26 0
CceiNgNcColNyg 3198 18 3198 18 15 0 11 43.1 36.9
3189 10 3189 10 15 0

4.1. Neon, argon and nitrogen matrices

4.1.1. CH stretching vibration v;

Highly diluted mixtures of chloroform in different matrix
hosts were deposited to minimize the formation of homo-
aggregates directly after deposition, which is energetically
favoured over heterocomplex formation with nitrogen. The
CH stretching signal in neon matrix (Fig. 2) observed at
3039.8 cm ! is weak in accordance with the calculated low
infrared band strength. The band gains intensity after an-
nealing and broadens to higher wavenumbers, indicating the
formation of chloroform homoclusters with upshifted CH
stretching vibrations and higher infrared band strengths.
Another band emerging upon annealing at 3017.5 em | is
possibly due to the second CH stretching mode of the most
stable dimer (Cc|Ccy), or caused by a second chloroform
dimer conformation (CCc or CCcj) or the trimer. The re-
versed direction of the wavenumber shift has previously
been observed for CH stretching modes and the contradic-
tion of the uniform upshift predictions for chloroform di-
mers underscores the difficulties in theoretical modelling
of this weak perturbation [34].

The monomer band centre in argon matrix is found at
3054.1 cm_1 (Fig. 3), in reasonable agreement with a pre-
vious study by Ito (3053 cm_l) [12] at slightly lower reso-
lution. After annealing to 39 K two small features down-
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shifted to 3052.1 and 3038.9 cm ' emerge, likely caused
by the chloroform dimer. Hence, the direction of the CH
stretching shift induced by chloroform homocluster for-
mation is partly reversed in argon matrices when compared
to neon hosts.

In nitrogen matrix (Fig.4) the chloroform monomer
shows significant site splitting with a dominant band at
3066.6 cm_1 and two weak signals at 3053.4 and
3039.2 cm_l, respectively. Both unstable sites are depopu-
lated upon annealing and one of the two dimer vibrations
emerges at 3030.0 cmﬁl, downshifted from the monomer
as observed in the case of argon matrices. The dominant
monomer site at 3066.6 cm © and the high resolution gas
phase band centre position [13,35] of 3032.92642(25) cm |
allow for an accurate determination of the total gas-to-
nitrogen-matrix shift, which amounts to 33.7 cm_l, signifi-
cantly larger than the gas-to-argon matrix shift of 21.1 em’!
and the gas-to-neon matrix shift of 6.9 em

4.1.2. CCl stretching vibration vs

In neon matrices, a small shoulder at 765.3 cm71 as-
signed to the chloroform dimer grows in after annealing,
downshifted from the broad and highly structured mono-
mer CCI stretching signal with multiple peaks between
776.4 and 768.4 cm | (Fig. 5). Part of this structure and
width can be attributed to the different isotopomers with

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 6
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Table 2. Theoretically predicted harmonic (oq¢;) CCl stretching wavenumbers for the *Cland ¥l isotopologues as well as their
respective difference in cm_l, IR intensity (S) in km'mol_l, spectroscopic shifts (Aocyy) relative to the corresponding vibration in the
35 . . — . . . - . L .
pure ~~CI chloroform monomers or dimers in cm , lowest predicted harmonic (o, ) wavenumber in cm , dissociation energy into the
most stable monomers without (Dg) and with (Dg) harmonic vibrational zero-point energy in kJ mol . All properties were calculated at

the B3LYP-D3(BJ)/def2QZVP level of theory

Structure u)c,35 al So O3 Se ACOC’SS a | Q35 P o D, Dy

733 161 730 160 - 3
¢ 733 161 730 160 - 3 258 a B

744 228 740 226 11 4
742 123 739 121 9 3

CaiCer 725 220 722 219 -8 3 2 176 1.0
723 38 719 37 10 4
740 260 737 257 7 3
737 261 733 259 4 4

CCc 12 15.0 13.6
734 28 730 27 1 4
722 16 719 16 11 3
736 169 733 168 3 3

CNy 21 72 5.6
732 153 728 152 -1 4

NNy 737 167 733 165 4 4 B 14 L
732 155 729 153 -1 3

NNy 735 160 732 158 2 3 0 g 84
735 160 732 158 2 3
744 193 740 190 0 4
741 151 738 149 -1 3

CelCelNn 727 208 723 208 2 4 10 266 233
723 53 719 52 0 4
744 207 740 205 0 4
742 142 739 140 0 3

CeliCar 726 205 723 204 1 3 ? 26.3 231
723 54 719 54 0 4
743 180 740 177 -1 3

CciNHCeINy ;2; ;?(5) Z;i ;iz 21 g 9 35.4 30.6
723 51 720 49 0 3
744 222 740 220 0 4
742 127 739 125 0 3

CelCoNuNu 726 211 723 209 1 3 4 35:3 30.6
724 51 720 51 1 4
744 191 740 189 0 4
741 149 738 147 -1 3

CoNnCelNuNu| - g 210 725 209 3 3 7 a4 38.0
724 57 720 56 1 4
744 186 741 183 0 3
740 176 736 174 2 4

CceiNgNciCoNy 728 161 725 162 3 3 11 43.1 36.9
723 84 720 82 0 3

various combinations of 35Cl and 37Cl. While the CH
stretching mode is unaffected by the isotope substitution
(Table 1), CCI stretching wavenumbers are lowered by
about 34 cm ' (Table 2) when changing all chlorine atoms
to the heavier °'CI isotope. In addition, interactions with

the matrix host might lift the degeneracy of the vibrational

E-symmetric levels.

A similarly broad and structured signal ranging from
769.9 to 763.7 cm " is found in argon matrix (Fig. 6) and

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 6



S. Oswald and S. Coussan

Fig. 2. CH stretching FTIR spectra of 0.13% chloroform in neon
matrix after deposition at 4.7 K (trace a) and after annealing to
10 K and recooling to 4.7 K (trace b). Wavenumbers and (tentative)
assignments are provided. Vibrational signals assigned to the etha-
nol stabilizer (*1) and methane (*2) are marked by asterisks.

Fig. 3. CH stretching FTIR spectra of 0.13% chloroform in argon
matrix after deposition at 20 K and subsequent cooling to 4.7 K
(trace a) and after annealing to 39 K and recooling to 4.7 K
(trace b). Wavenumbers and (tentative) assignments are provided.

various dimer vibrations emerge with a slight downshift
between 761.9 and 756.0 cm  after annealing.

The signal in nitrogen matrix (Fig. 7) ranges from 770.2
to 761.6 cm . Several peaks at 768.4, 767.1 and 764.6 cm’!
gain intensity relative to the remaining signals after anneal-
ing, which could be a sign of unstable site depopulation or
dimer formation.

The intensity ratio of the CH and CCI stretching modes
changes significantly with the different matrix hosts. While
the CCI stretching band strength appears to be relatively
independent of the matrix host (Table 2), the CH stretching
intensity increases from weakly interacting neon over more
polarizable argon to quadrupolar nitrogen, resulting in an
approximate three-fold enhancement of the ratio Scy/Scci
when comparing neon and nitrogen matrices (Fig. 8). This
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Fig. 4. CH stretching FTIR spectra of 0.13% chloroform in nitro-
gen matrix after deposition at 20 K and subsequent cooling to 5 K
(trace a) and after annealing to 35 K and recooling to 5 K (trace b).
Wavenumbers and (tentative) assignments are provided.

Fig. 5. CCl stretching FTIR spectra of 0.13% chloroform in neon
matrix after deposition at 4.7 K (trace a) and after annealing to
10 K and recooling to 4.7 K (trace b). Wavenumbers and (tenta-
tive) assignments are provided.

behavior is also found for other modes sensitive to inter-
molecular interaction such as OH [36,37] or NH [3§]
stretching vibrations.

4.2. Nitrogen added to neon and argon matrices

4.2.1. CH stretching vibration v;

Stepwise addition of nitrogen to neon matrices (Fig. 9)
induces broad CH stretching signals which are incremen-
tally upshifted from the original peak at 3039.8 em ' and
approach the position of the dominant site in nitrogen ma-
trix at 3066.6 cm_l, while upshift and signal intensity in-
crease upon annealing. The broad signal is indicative of an
incomplete and amorphous chloroform embedding in ni-
trogen enriched neon matrix grains, which leads to an inho-

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 6
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Fig. 6. CCl stretching FTIR spectra of 0.13% chloroform in argon
matrix after deposition at 20 K and subsequent cooling to 4.7 K
(trace a) and after annealing to 37 K and recooling to 4.7 K
(trace b). Wavenumbers and (tentative) assignments are provided.

Fig. 7. CClI stretching FTIR spectra of 0.13% chloroform in nitro-
gen matrix after deposition at 20 K and subsequent cooling to 5 K
(trace a) and after annealing to 35 K and recooling to 5 K (trace c).
A difference spectrum is included (trace b). Wavenumbers and
(tentative) assignments are provided. Vibrational bands which gain
relative intensity after annealing are marked in red font.

mogeneous broadening induced by a more dispersed distri-
bution of nearly equivalent oscillator classes. The distance
of separated chloroform and nitrogen components in the
neon matrix needs to be low enough to allow for formation
of the aggregates through migration upon annealing.

Similar behavior is found in argon matrix (Fig. 10). The
upshifted band position observed after nitrogen addition
and annealing is in reasonable agreement with the 11 cm !
upshift previously found by Ito [12] for the chloroform
nitrogen complex in argon matrix.

4.2.2. CCl stretching vibration vs

Very similar to the CH stretching vibration, the CCl
stretching band is incrementally shifted towards the pure
nitrogen matrix value after stepwise nitrogen addition
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Fig. 8. Ratio of experimental CH (Scy) and CCl (Sccy) band inte-
grals depending on the matrix host. Relative integral errors of 1%
(CCl) and 10% (CH), respectively, were estimated based on the
signal-to-noise ratio. While Sc(j is relatively independent of the
matrix host, Scy increases significantly from neon over argon to
the strongly interacting nitrogen.

Fig. 9. CH stretching FTIR spectra of 0.13% chloroform in neon
matrix after deposition at 4.7 K (trace a). Spectra of neon matrices
with increasing nitrogen addition (traces b to g) before and after
annealing to the stated temperature and subsequent recooling to
5K as well as a nitrogen matrix deposited at 20 K and subse-
quently cooled to 4.7 K (trace h) are also included. Wavenumbers
and (tentative) assignments are provided.

(Fig. 11), even more pronounced after annealing. However,
the direction of the shift is reversed compared to the CH
stretching and for the CCl stretching a small downshift is
observed.

755



S. Oswald and S. Coussan

Fig. 10. CH stretching FTIR spectra of 0.13% chloroform in ar-
gon matrix after deposition at 20 K and subsequent cooling to
4.7K (trace a). Spectra of argon matrices with increasing nitro-
gen addition (traces b to ¢) before and after annealing to the stat-
ed temperature and subsequent recooling to 4.7 K as well as a
nitrogen matrix deposited at 20 K and subsequently cooled to 5 K
(trace f) are also included. Wavenumbers and (tentative) assign-
ments are provided.

The band positions in nitrogen and argon matrices are
very similar (Fig. 12). Therefore, nitrogen addition to an
argon matrix causes broadening of the band due to unspe-
cific chloroform—nitrogen interactions, but no significant
spectral shifts.

4.3. Supersonic expansion

Moving from matrix isolation to supersonic helium ex-
pansions (Fig. 13) allows the determination of the chloro-
form monomer CH stretching band centre at 3033 cm !
without environmental influences by various matrix hosts, in
agreement with the high resolution gas phase value [13,35]
of 3032.92642(25) em . Increasing the chloroform frac-
tion in the expansion leads to a growing signal at 3037 em’!
caused by the chloroform dimer. This confirms previous
unpublished work at higher resolution [39]. According to
the cluster calculations (Table 1), a second dimer signal
with a lower upshift and intensity enhancement is expected
which is likely not observed due to spectral overlap with
the monomer and the first dimer signal at the limited reso-
lution of 2 cm .

Adding 15% N3 to the carrier gas (Fig. 14) results in
two new signals at 3043 and 3051 cm , respectively. Both
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Fig. 11. CCI stretching FTIR spectra of 0.13% chloroform in
neon matrix after deposition at 4.7 K (trace a). Spectra of neon
matrices with increasing nitrogen addition (traces b to g) before
and after annealing to the stated temperature and subsequent
recooling to 4.7 K as well as a nitrogen matrix deposited at 20 K
and subsequently cooled to 5K (trace h) are also included.
Wavenumbers and (tentative) assignments are provided.

are upshifted from the monomer band centre and can be
assigned to various chloroform nitrogen clusters or even
chloroform nanosolvated in nitrogen. The peak position
shifts towards the dominant bulk matrix value with in-
creasing nitrogen coordination without fully reaching it.
The experimentally observed upshifts of 10 and 18 cm~
are in good agreement with harmonic predictions for CNy
aggregates (Table 1).

5. Conclusions

The CH stretching mode of chloroform exhibits an up-
shift of 33.7 cm_1 when switching from isolated gas phase
conditions to bulk nitrogen matrices. Incremental nitrogen
complexation in neon and argon cryogenic matrices as well
as supersonic helium expansions partially reproduces this
effect (Fig. 15). Wavenumbers for small chloroform nitro-
gen clusters predicted by density functional theory calcula-
tions within the double harmonic approximation are able to
describe this spectral evolution qualitatively, although the
shift is overestimated for triple nitrogen coordination, which
could be attributed to an electronic structure deficiency or
neglected anharmonicity. Nitrogen cluster formation is also
corroborated by downshifts of the intense CCI stretching

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 6
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Fig. 12. CCl stretching FTIR spectra of 0.13% chloroform in
argon matrix after deposition at 20 K and subsequent cooling to
4.7 K (trace a). Spectra of argon matrices with increasing nitro-
gen addition (traces b to e) before and after annealing to the stat-
ed temperature and subsequent recooling to 4.7 K as well as a
nitrogen matrix deposited at 20 K and subsequently cooled to 5 K
(trace f) are also included. Wavenumbers and (tentative) assign-
ments are provided.

Fig. 13. FTIR jet spectra of chloroform expanded in helium as
well as a monomer-corrected difference spectrum. Wavenumbers
and (tentative) assignments are provided. Vibrational signals
assigned to the ethanol stabilizer are marked by asterisks.

mode, while theoretical predictions for the doubly degener-

ate E-symmetric vibration are somewhat ambiguous.
Chloroform homodimers are observed as well both in

matrices and jet expansions. Theoretically predicted shifts
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Fig. 14. FTIR jet spectra of chloroform expanded in helium
(trace a) and a mixture of Ny and helium (trace ¢) as well as a
monomer-corrected difference spectrum (trace b). Wavenumbers,
(tentative) assignments and a bulk nitrogen matrix spectrum
(trace d) are provided. Vibrational signals assigned to the ethanol
stabilizer are marked by asterisks.

Fig. 15. CH stretching band positions of the chloroform monomer
in neon and argon cryomatrices as well as in supersonic helium
expansions. Increasing nitrogen admixture causes progressive up-
shifts of the band position in all three environments, approaching
the bulk N, matrix limit. High resolution gas phase [13,35] and
nitrogen matrix spectra allow for an accurate determination of the
total gas-to-matrix upshift to 33.7 cm . The range of wavenumber
shifts predicted for chloroform-nitrogen complexes by harmonic
B3LYP-D3(BJ)/def2-QZVP calculations reproduces experimental
findings with reasonable accuracy for the first two added nitrogen
molecules, but the tested approach overestimates the upshift in
more nitrogen-enriched environments, overshooting the bulk limit.
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for these aggregates are somewhat unreliable, sometimes
over- or underestimating the amount of the shift and even
predicting the wrong sign in certain cases. The failure to
accurately capture the weak observed effects is possibly
partly due to electronic structure or anharmonicity defi-
ciencies and partly caused by the finite size of calculated
clusters failing to account for the bulk environment.

Supplementary material

See|supplementary material[for higher energy conformers.
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Chloroform-nitrogen aggregates: upshifted CH and downshifted CCl

ArperaTtu xnopodgopm—a3soT: nigueHHs CH Ta
3HMKeHHs CCl 4acToT BaneHTHUX KOnnBaHb,
SIKi CNOCTEpiraTbCa B MaTPUYHIN i3onsauit
Ta ra3oBOMY CTpPYMeHi 3a JOMNOMOrot
iHdbpayepBOHOI cnekTpockonii

S. Oswald, S. Coussan

Arperatu xj0podopMy 3 a30TOM BHBYEHO 3a JOIOMOTOIO
HINPOKOCMYTOBOT iH(ppauepBoHOi (Gyp’e-crieKTpockomii B Kpio-
TeHHUX MaTpHULSLX HEOHY, aproHy i a30Ty, a TaKOX B HaJ3BYKO-
BHX T'a30BUX CcTpyMeHsX. BanentHi komBanus CH v nposBis-
I0Th «CHHII CIIEKTPaIbHUH 3CyB IIPU IIEPEXO/i BiJ| ra30Boi (ha3u
0 00’€MHUX a30THUX MaTpHLb, KU MOXHA PEKOHCTPYIOBATH
MOCJTITOBHO IIIIXOM ITOE€TarmHOro (JOpMyBaHHS KJIacTepi 3i 30i-
JBIICHHAM KibKOCTI Ny SK y HaJ3BYKOBHX CTPYMEHSX, TaK i B
HEOHOBHX a00 aproHOBUX MaTpUIAX. YacToTa BaJeHTHOTO KOJH-
BanHs CCl vs, HaBIaky, MOCTYNOBO 3HIKYeThCA. Heennke min-
BUIICHHS YacTOTH BajeHTHoro konmBauHs CH cnocrepiraerscs
TaKoX i B roMoguMepi xsopodopmy.

Kirouosi coBa: Haj3BykoBHH ra3oBui ctpymins, FTIR, arpera-
TH, YaCTOTHUH 3CYB.

ArperaTtbl xriopocdopm—a3soT: noebiweHne CH
1 noHmkeHne CCl yacToT BaneHTHbIX konebdaHuin,
HabngaemMble B MaTPUYHOWN N30MNALMM 1 Fa30BOM
CTpye C NOMOLLbIO UH(PpaKpacHON CNEKTPOCKONNN

S. Oswald, S. Coussan

Arperatsl XJIOpOohopMa € a30TOM H3y4CHBI C HOMOILBIO IIHPO-
KOIOJIOCHOH nH(ppaKpacHoi Gpypbe-CreKTPOCKOINHUH B KPHOTEHHBIX
MaTpullax HEOHa, aproHa M a30Ta, a TAKKE B CBEPX3BYKOBBIX I'a30-
BBIX CTpysX. Banentsle xoneOanns CH v mposBIAIOT «CHHEE»
CIIEKTPAIIbHOE CMEIICHHE TIPU [Iepexo/ie OT ra3oBoi dasbl K 00b-
€MHBIM a30THBIM MaTpPHULaM, KOTOPOE MOXHO PEKOHCTPYHPOBATh
MOCIIEZ0BATEIIBHO ITyTEM MO3TAITHOrO (JOPMHUPOBAHHUS KIIACTEPOB
¢ yBesM4eHHeM KosmdecTBa N Kak B CBEPX3BYKOBBIX CTpYsX,
Tak U B HCOHOBBIX MJIM aprOHOBBIX MaTpuiiax. YacTtoTa BaJeHT-
Horo kosebanusi CCl vs, HAOOOPOT, MOCTENEHHO MOHMKACTCSL.
HeGounblioe MOBBILICHHE YacTOTHI BajeHTHOro kojebanus CH
HaOJII0/1aeTCsl TaKXKe M B ToMoAnMepe Xsiopodopma.

Kirouessle ciioBa: cBepx3BykoBas rasosas crpys, FTIR, arperatsl,

YaCTOTHBIA CJIBHT.
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Table S1. Gaussian [1] keywords employed in the different calculations

Level of approximation Employed keywords

B3LYP-D3(BI)/def2-QZVP b3lyp, int = superﬁn'e, empiricaldispersion = gd3bj, Def2QZVP,
fopt = verytight, freq = raman or freq = anharm

CciCci [Cs] (0.0) CCc [C1] (2.4) CCa [Cs] (2.5)

Fig. S1. Stable structures of the chloroform dimer optimized at the B3LYP-D3(BJ)/def2-QZVP level. Molecular symmetry point groups
are given in brackets, relative energies including harmonic zero-point vibrational energy in kJ ‘mol " in parentheses.

CNh [Cs] (0.0) CNc [Cs] (1.7) CNc1 [Cs] (3:4)

Fig. S2. Stable structures of the mixed dimer of chloroform and nitrogen optimized at the B3LYP-D3(BJ)/def2-QZVP level of theory.
Molecular symmetry point groups are given in brackets, relative energies including harmonic zero-point vibrational energy in kJ ‘mol !
in parentheses.
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Chloroform-nitrogen aggregates: upshifted CH and downshifted CCl

CNuNpg [Cs] (0.0) CNuNc [Cs] (2.1)

CNcNcp [C1] (3.6) CNuNcy [Cs] (3.8)

Fig. S3. Stable structures of the mixed trimer of chloroform and two nitrogen molecules optimized at the B3LYP-D3(BJ)/def2-QZVP
level of theory. Molecular symmetry point groups are given in brackets, relative energies including harmonic zero-point vibrational

energy in kJ -mol ' in parentheses.

CNpNgNy [Csy] (0.0) CNHNHNC [Cs] (2.6)

CNHNcINe [C1] (3-8) CNuNciNc1 [C1] (5.0)

CN¢NiNci [Cq] (6.0)

Fig. S4. Stable structures of the mixed tetramer of chloroform and three nitrogen molecules optimized at the B3LYP-D3(BJ)/def2-
QZVP level of theory. Molecular symmetry point groups are given in brackets, relative energies including harmonic zero-point

vibrational energy in kJ mol " in parentheses.

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 6, Suppl.
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CciCciNg [C1] (0.0) CciNHC(1 [C1] (0.2) CNyCci [C1] (2.5)

CciNcCe1 [C1] (3.2) CciCeNe [C1](3.3) CCcNy [C1] (3.7)

CCcNy [C1] (3-8) CNuCc [C1]1 B.9) CNciCc [C1]1 (3.9)

CNciCc [C1] 4.2) CciNciCcal [C1] (4.3) CNcCc [C1] (5.6)

Fig. S5. Stable structures of the mixed trimer of two chloroform and one nitrogen molecules optimized at the B3LYP-D3(BJ)/def2-
QZVP level of theory. Molecular symmetry point groups are given in brackets, relative energies including harmonic zero-point

vibrational energy in kJ -mol " in parentheses.
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CcINHCcINH [C1] (0.0) CciCciNuNg [C1] (0.0)  CaiNHCciNc [C] (2.0)

CNHCcINg [C1] (2.8) NcCcINuCc1 [C1] (B.1) CNHCcINe1 [C1] (B.2)

CciCciNHNc [C1] (3.3) NcCciCciNH [C1] (3.3) CCcNyNy [Cq] (4.6)

CNyCcNy [C1] (5.3) CCcNyN( [C1] (5.5) NcCNyCc1 [C1] (7.0)

NcCCeNu [C1] (7.0) NciCclCeiNe [C1] (8.2)
Fig. S6. Stable structures of the mixed tetramer of two chloroform and two nitrogen molecules optimized at the B3LYP-D3(BJ)/def2-

QZVP level of theory. Molecular symmetry point groups are given in brackets, relative energies including harmonic zero-point

vibrational energy in kJ -mol " in parentheses.
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CcINHCcINENH [C1] (0.0) CcINENcICeiNg [C1] (1.1) CcINHCcINHNc [C1] (2.1)

CcINHCeINENC [C1] (2.2) CciCcINuNuN [C1] (2.9) CciCcINgNgNc [C1] (3.1)

NcCceINHCeINg [C1] (3.2) NcCciCciNuNg [C1] (3.2) NcCcoNHCcINH [C1] (3.3)

NciCcNHCINc [C1] (4.1) NcCcNHCcINc [C1] (5.3) NcCciCeiNuNc [C1] (6.5)

Fig. S7. Stable structures of the mixed pentamer of two chloroform and three nitrogen molecules optimized at the B3LYP-D3(BJ)/def2-
QZVP level of theory. Molecular symmetry point groups are given in brackets, relative energies including harmonic zero-point

vibrational energy in kJ -mol " in parentheses.
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Table S2. Theoretically predicted (for the e isotopolog) harmonic (®cy ) and anharmonic (V) CH stretching wavenumber in cm_l,
IR intensity (S) in km'mol_l, spectroscopic shifts (Awcy, AVcy) relative to the corresponding vibration in the pure chloroform monomers
or dimers in cmﬁl, lowest predicted harmonic (o, ) and anharmonic (V) wavenumbers, dissociation energy into the most stable
monomers without (Dg) and with (Dy) harmonic vibrational zero-point energy in kJ-mol . All properties were calculated at the
B3LYP-D3(BJ)/def2QZVP level of theory. Anharmonic vibrational frequencies calculated with second order vibrational perturbation
theory (Gaussian09 Rev. EO1 [1], VPT2 [2]) are unreliable due to unphysical predictions for low-frequency large amplitude motions
(indicated by parentheses) which affect localized high-frequency modes like the CH stretching vibration through their respective
coupling constants

Structure Och Se Veu Sy Aocy Avcy oL VL D Do
C 3169 1 3030 0 - - 258 249 - -
CeCer 3183 13 3039 19 14 9 5 (2876) 6 160
3174 5 3034 4 5 4
e 3185 13 3044 9 16 14 0 (54) 150 ik
3170 2 3036 3 1 6
Car 3187 12 3047 21 18 17 0 35) 147 135
3171 2 3041 5 2 11
CNyu 3185 4 3038 2 16 8 21 (38) 7.2 5.6
CNc 3170 1 3022 2 1 -8 9 (861) 4.9 3.9
CN¢ 3169 1 3068 (38) 0 38 4 (517) 3.0 2.2
CNpNy 3199 9 3048 2 30 18 11 (633) 14.8 11.7
CNyN¢ 3185 5 3052 6 16 22 9 921) 122 9.6
CNcNgy 3170 1 3041 3 1 11 18 5 10.4 8.1
CNpNe 3184 4 3022 3 15 -8 3 3556 103 7.9
CNuNuNy 3216 17 3078 | (726540) 47 48 10 (-3326) | 2238 18.4
CNpNyNe 3199 10 3053 12 30 23 8 (-536) 19.8 158
CNpNeNe 3180 3 - - 11 - 7 - 18.4 14.6
CNuNeiNg 3183 4 - - 14 - 7 - 17.3 134
CNcNeNey 3170 1 - - 1 - 13 - 158 124
CeiCeiNm ;igi 159 zg;z 159 108 127 10 (138) 26.6 233
CeNuCl 3189 g 3045 o 6 1 9 (~199) 26.3 23.1
3180 13 3043 11 6 9
CNyCqy 3200 16 3045 1 13 -2 13 (324) 23.8 20.8
3170 2 3027 3 -1 ~14
CeNeCoy 3184 13 3027 ! -2 2 (-2490) 22.7 20.1
3175 5 3043 12 1 9
CeiCeiNe S184 14 3043 17 ! 4 3 (-312) 22.6 20.0
3174 5 3032 5 0 -2
CCcNy 3186 16 3044 > ! 0 9 (-227) 225 19.6
3185 5 3045 106 15 9
CCcNy 3187 16 3048 14 2 4 10 (-121) 222 19.5
3186 2 3052 4 1 16
CNuCe 3185 16 3047 > 0 3 13 (-152) 223 19.4
3170 2 3037 4 0
CNc(Ce 3182 12 3039 > -3 N 19 (61) 22.1 19.4
3170 2 3038 3 0 2
CNc(Ce 3190 12 3034 20 > -10 9 (116) 215 19.1
3170 1 3030 0 0 -6
CceiNeiCy 3183 13 3044 17 0 > 3 (297) 214 19.0
3174 5 3038 0 4
CNcCe 3187 13 3035 ! 2 - 9 (-263) 19.8 17.7
3171 2 3031 0 1 -5

Low Temperature Physics/Fizika Nizkikh Temperatur, 2019, v. 45, No. 6, Suppl. 7
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CcINHCcINg 3199 8 N B 16 - 9 - 354 30.6
3189 10 _ _ 15 _

CciICciNgNy 3206 16 - - 23 B 4 - 35.3 30.6
3182 13 - - 8 -

CeiNECeNe 3200 20 B - 17 - 10 - 33.1 28.6
3175 5 - - 1 -

CN{CeNg 3198 16 B - 1 - 12 - 325 278
3183 5 - - 9 -
3201 20 - _ 18 _

NcCelNuCcy 3175 5 B B ) B 7 - 31.7 275

CNECeiNgy 3197 21 B a 10 a 11 - 31.8 27.4
3170 1 - - -1 _

CciCeNuNe 3190 10 - B ! B 9 - 316 273
3181 13 _ _ 7 _

NcCciCeNi J188 o - - > B 7 - 315 273
3180 13 - - 6 -

CCcNpNy 3201 13 B - 16 - 9 - 30.0 26.0
3189 13 - - 19 _

CNxCceNy 3185 2 B - 0 - 10 - 29.8 253
3184 21 - - 14 _
3192 14 - - 7 -

CCcNyN¢p 1186 4 B B 16 B 7 - 29.0 25.1

NcCNgCcy 3186 17 B a -1 a 10 - 275 23.6
3170 2 - _ 4 _

NcCCeiNy 3189 17 N B 2 B 8 - 27.3 23.6
3186 4 - - 15 _

NciCciCoNe 3182 13 - B - - 1 - 258 224
3175 5 - - 1 -

CeNHCoNENy 3206 17 B - 23 - 7 - 444 38.0
3200 18 - - 26 _
3198 18 - _ 15 _

CeiNgNciColNy 3189 10 B B 15 B 11 - 431 36.9

CcNHCeNENC 3198 19 B a 15 a 10 - 420 35.9
3190 10 - _ 16 _

CcNHCeNENC 3201 19 B a 18 a 10 - 419 35.8
3190 9 - - 16 -

CciCeNENpN( 3206 15 - B 23 - 4 - 41.0 35.1
3182 13 - - 8 -

CciColNgNENe 3207 17 B - 24 - 4 - 40.6 349
3183 14 - - 9 -

NcCoNECeoNy 3198 19 B - 15 - 8 - 40.7 348
3189 10 - - 15 _
3206 16 - _ 23 _

NcCeiColNgNy 3180 14 B B g B 6 - 40.4 34.8

NcCcelNgCceNug 3194 18 B a 1 B 8 - 40.7 34.7
3182 10 - - 8 _

NciCelNuCeiNe 3197 19 B a 14 B 8 - 39.6 339
3174 4 - - 0 _

NcCoiNHCeNe 3200 21 B - 17 - 7 - 38.2 32.8
3175 5 - - 1 -

NcCeCelNgNe 3189 10 B - 6 - 7 - 36.7 315
3181 13 - - 7 -
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Chloroform-nitrogen aggregates: upshifted CH and downshifted CCl

Table S3. Theoretically predicted (for the al isotopolog) harmonic ( @ccy ) and anharmonic (V¢ c;) CCl stretching wavenumber in
cm_l, IR intensity (S) in km-mol_l, spectroscopic shift ( Awcc; ) relative to the corresponding vibration in the pure chloroform
monomers or dimers in cm_l, lowest predicted harmonic () and anharmonic (V| ) wavenumbers, dissociation energy into the most
stable monomers without (Dg) and with (Dg) harmonic vibrational zero-point energy in kJ -mol . All properties were calculated at the
B3LYP-D3(BJ)/def2QZVP level of theory. Anharmonic vibrational frequencies calculated with second order vibrational perturbation
theory (Gaussian09 Rev. EO1 [1], VPT2 [2]) are unreliable due to unphysical predictions for low-frequency large amplitude motions
which affect localized high-frequency modes like the CH stretching vibration through their respective coupling constants

Structure Occt | S, Veel Sy Awocc oL VL De Do
33 | 161 6 161
C ’ 99 - 258 249 - -
733 | 161 727 168
744 | 228 725 203 11
CelC 742123 735 25 ? 2 (-2876) 17.6 16.0
c-a 725 | 220 706 195 -8 ' :
723 | 38 701 53 ~10
740 | 260 722 254 7
737 | 261 718 279 4
cC 12 54 15.0 13.6
¢ 734 | 28 716 28 1 =54
722 16 702 28 ~11
738 | 243 719 214
738 | 263 721 218 5
CCqy 12 (-35) 14.7 13.5
729 15 712 44 4
723 | 23 704 28 ~10
736 | 169 716 165 3
CNy 21 (38) 72 5.6
732 | 153 714 151 -1
733 | 150 720 165 0
CNe 9 (861) 4.9 3.9
732 | 155 716 170 -1
N 735 | 166 706 110 2 A 517 20 -
a 732 | 161 709 104 -1 : :
737 | 167 714 147 4
CNpN 11 633 14.8 11.7
HEH 732 | 155 713 159 -1 (633)
NN 736 | 158 716 133 3 0 ©21) 12n 0
HEC 731 | 147 710 128 2 : :
CNcNgp 7331 15 712 137 0 18 5 10.4 8.1
732 | 146 711 133 -1
738 | 174 725 202 5
CNgENey 3 (3556) 10.3 7.9
731 | 153 719 179 2
735 | 160 2487 59829 2
CNENpNg ( ) 10 (-3326) 22.8 18.4
735 | 160 | (~1058) | (25455) 2
CNENgN, 736 | 160 716 131 3 8 (-536) 19.8 15.8
HEHTC 732 | 144 716 128 -1 ' '
737 | 170 - - 4
CNyNeINe 730 133 B B 3 7 - 184 14.6
737 | 178 - - 4
CNuNciNcy 732 142 B B 0 7 - 17.3 134
733 | 149 - - 0
CNcNcelNey 732 139 B B 0 13 - 15.8 124
744 | 193 727 212 0
741 | 151 724 120 -1
CeiCoN 10 138 26.6 233
ci-CITH 727 | 208 710 184 2 (138)
723 | 53 705 59 0
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744 | 207 728 281 0

CalNgCcl 2 142 726 t2 0 9 (-199) 26.3 23.1
726 | 205 710 183 1
723 54 708 50 0
741 | 292 723 401 3

CNuCci 37178 723 648 - 13 (324) 23.8 20.8
734 81 716 88 5
722 14 707 56 -1
744 | 221 729 198 0

CeNeCoy 742 | 113 734 45 0 2 (-2490) 22.7 20.1
725 | 217 707 288 0
722 38 704 63 -1
743 | 211 725 567 -1

CoCaie s 0 | g |
722 39 705 123 -1
741 | 263 721 452 1

CCcNy 737 | 261 7 200 0 9 (-227) 225 19.6
734 27 716 265 0
723 15 688 610 1
739 | 261 721 255 -1

CCcNy 738 | 251 723 235 ! 10 121) 222 19.5
729 12 712 16 -5
724 19 707 27
742 | 247 724 258 2

N S A S O R AT R P Y
723 33 707 48 1
740 | 241 725 231 0

CNeiCe 37| 212 718 257 0 19 (61) 22.1 19.4
734 24 717 30 0
722 14 704 35 0
740 | 264 728 601 0

CNciCc BT 23 727 234 0 9 (116) 215 19.1
730 19 719 577 -4
722 27 704 194 0
744 | 222 700 377 0

CeNeiCei Z;i ;i? ;T; 29037 (0) 3 (297) 214 19.0
723 49 698 48 0
738 | 252 722 379 )

CNcCe 738 | 238 724 278 -! 9 (-263) 19.8 17.7
729 15 713 142 -5
722 21 705 25 -1
743 | 180 - - -1
741 | 160 - - -1

CciNHCciNg 17 215 B - ) 9 - 354 30.6
723 51 - - 0
744 | 222 - - 0
742 | 127 - - 0

CciColNgNg 726 211 B B | 4 — 353 30.6
724 51 - - 1

10
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743 191 - - -1
741 | 133 - - 1
CciINgCINe 727 211 B B ) 10 — 33.1 28.6
722 | 50 - _ .
742 | 272 - _ 4
737 131 - - -1
CNuCciNy 235 142 B - 6 12 - 325 27.8
721 17 - - -2
743 | 172 - _ 1
741 170 - - -1
NcCeaNuCci 726 198 B B 1 7 - 31.7 275
722 48 - - -1
740 260 - - 2
737 194 — — -1
CNyCcN(y 732 107 B B 3 11 — 31.8 274
725 10 — - 2
744 208 — - 0
742 124 - - 0
CciCciNuNc 796 208 B B 1 9 - 31.6 273
722 51 - - -1
743 159 — — -1
742 186 - - 0
NcCeiCeiNy 726 185 B B 1 7 - 315 273
722 63 - - -1
740 257 - - 0
738 235 — - 1
CCcNgNg 730 3 B B 4 9 - 30.0 26.0
722 24 — - 0
741 | 247 - - 1
735 201 - - -2
CNyCceNy 730 4 B B 4 10 - 29.8 253
725 20 - -
742 260 — - 2
737 221 - - 0
CCcNuN¢y 71 29 B B 3 7 - 29.0 25.1
721 31 - - -1
742 | 237 - - 4
734 165 — - -4
NcCNiCy O j j 5 10 - 27.5 | 236
723 31 — - 0
740 248 — - 2
738 221 - - 0
NcCCcNy 799 28 B B 0 8 - 273 23.6
721 28 - - -2
745 221 — - 1
742 114 - - 0
NeiCeiCeNe 75 | 211 B B 0 1 - 25.8 22.4
722 51 - - -1
744 191 - - 0
741 | 149 - - 1
CciNHCeINgNg 728 210 B - 3 7 - 444 38.0
724 57 - -
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744 186 - - 0
740 176 — — -2

CeNuNCICeNg s | 161 B B ; 11 3.1 | 369
723 84 — _
743 187 — — -1
741 132 - - -1

CciNHCeINHNe 197 220 B B ) 10 42.0 35.9
723 47 - - 0
743 201 — - -1
740 118 - - -2

CcNgCceiNuNc 727 219 3 3 ) 10 41.9 35.8
723 46 - - 0
744 222 - - 0
742 128 — - 0

CciCciNuNHN(| 126 202 B - | 4 41.0 35.1
724 | 62 - - 1
744 | 221 - - 0
742 110 - - 0

CciCciNuENHNC 726 917 B B 1 4 40.6 34.9
723 | 44 - - 0
743 139 — — -1
741 197 - - -1

NcCeiINHCeINH 728 199 B B 3 8 40.7 34.8
723 54 - - 0
744 177 - - 0
742 169 — — 0

NcCciColNuNg 17 176 B - ) 6 40.4 34.8
723 | 73 - _ 0
742 | 94 - - 2
740 | 241 - - )

NcCeNHCeNy 730 505 B B 5 8 40.7 34.7
720 39 - - 7
743 177 — — -1
740 163 - - -2

NciCelNuCeiNe 727 182 B B 5 8 39.6 33.9
722 64 - - -1
743 174 - - -1
741 | 148 - - -1

NcColNHCciNc 16 202 B - | 7 382 32.8
722 | 45 - _ 0
743 | 168 - _ )
742 158 - - 0

NcCclCelNuNc 726 190 B B 1 7 36.7 31.5
722 57 - - 1

12
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Table S4. Cartesian coordinates (in A) of computed N monomer from B3LYP-D3(BJ)/def2-QZVP geometry optimizations in Gauss-
ian 09 Revision E.01

Table S5. Cartesian coordinates (in A) of computed C monomer from B3LYP-D3(BJ)/def2-QZVP geometry optimizations in Gaussian

N
N 0.00000 0.00000 0.54501
N 0.00000 0.00000 —0.54501

09 Revision E.01
C
C 0.00000 0.00000 0.45599
H 0.00000 0.00000 1.53580
Cl 0.00000 1.69095 —0.08376
Cl 1.46441 —0.84548 —-0.08376
Cl —1.46441 —0.84548 —-0.08376

Table S6. Cartesian coordinates (in A) of computed CciCcp dimer from B3LYP-D3(BJ)/def2-QZVP geometry optimizations in
Gaussian 09 Revision E.01

Table S7. Cartesian coordinates (in A) of computed CCc dimer from B3LYP-D3(BJ)/def2-QZVP geometry optimizations in
Gaussian 09 Revision E.01

CciCci
C 0.15303 —-1.83706 0.00000
H 0.72972 -0.92501 0.00000
C —0.30861 2.01195 0.00000
H —1.25998 1.50121 0.00000
Cl 0.56621 —2.74355 1.46487
Cl -1.56925 —1.37873 0.00000
Cl 0.56621 —2.74355 —1.46487
Cl —-0.60950 3.75602 0.00000
Cl 0.56621 1.50710 1.46337
Cl 0.56621 1.50710 —1.46337

CCc
C 0.75980 -1.35010 0.00000
H 0.63797 —0.27825 0.00000
C -1.01811 2.21608 0.00000
H —1.48418 3.19014 0.00000
Cl —0.01619 -1.98274 1.46400
Cl —0.01619 —-1.98274 —-1.46400
Cl 2.50334 —-1.68705 0.00000
Cl —2.29764 0.99075 0.00000
Cl —0.01619 2.09243 1.46286
Cl —0.01619 2.09243 —1.46286
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Table S8. Cartesian coordinates (in A) of computed CCc| dimer from B3LYP-D3(BJ)/def2-QZVP geometry optimizations in
Gaussian 09 Revision E.O1

CCq
C 1.70387 —-0.03300 —0.01498
H 0.86777 -0.10024 —0.69344
C —2.44288 0.04016 —0.50998
H —3.34994 0.12101 -1.09017
Cl —2.89453 -0.10231 1.19522
Cl —-1.57734 —-1.40973 -1.07133
Cl —-1.48225 1.50596 —0.80420
Cl 1.07464 —-0.23436 1.63028
Cl 2.84267 -1.32989 —0.43138
Cl 2.44364 1.56659 —0.22839

Table S9. Cartesian coordinates (in A) of computed CNy dimer from B3LYP-D3(BJ)/def2-QZVP geometry optimizations in
Gaussian 09 Revision E.01

CNy
C ~0.13365 0.53722 0.00000
H 0.94539 0.53156 0.00000
cl ~0.67396 222717 0.00000
cl ~0.67396 ~0.31008 1.46372
cl ~0.67396 ~0.31008 ~1.46372
N 2.34704 ~1.68365 0.00000
N 2.54273 ~2.75551 0.00000

Table S10. Cartesian coordinates (in A) of computed CNyNy trimer from B3LYP-D3(BJ)/def2-QZVP geometry optimizations in
Gaussian 09 Revision E.O1

CNpNg
C 0.03615 ~0.73988 0.00000
H 0.70836 0.10324 0.00000
cl 0.35317 ~1.68984 ~1.46490
cl ~1.62060 ~0.09922 0.00000
cl 0.35317 ~1.68984 1.46490
N 0.69092 1.95905 1.83149
N 0.35317 2.57504 2.66437
N 0.69092 1.95905 ~1.83149
N 0.35317 2.57504 —2.66437
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Table S11. Cartesian coordinates (in A) of computed CNyNyNy tetramer from B3LYP-D3(BJ)/def2-QZVP geometry optimizations

in Gaussian 09 Revision E.01

CNpNyNy

C 0.00000 0.00000 0.88588

0.00000 0.00000 -0.19147
cl 0.00000 1.69079 1.42660
cl 1.46427 ~0.84540 1.42660
cl ~1.46427 ~0.84540 1.42660
N 0.00000 -2.12177 ~1.66275
N 0.00000 -3.14181 —2.04586
N 1.83751 1.06089 ~1.66275
N 2.72089 1.57090 —2.04586
N ~1.83751 1.06089 ~1.66275
N ~2.72089 1.57090 —2.04586

Table S12. Cartesian coordinates (in A) of computed Cc|CeNy trimer from B3LYP-D3(BJ)/def2-QZVP geometry optimizations in

Gaussian 09 Revision E.01

CcaiCaiNg
C —1.75368 —0.47759 —0.00687
H -0.93616 0.20910 -0.15648
C 2.12415 —0.44509 —0.00361
H 1.71996 —1.44555 0.03697
Cl —2.87928 —0.28065 -1.36063
Cl -1.07825 -2.12669 0.02488
Cl -2.52139 —-0.07736 1.53852
Cl 3.89054 —-0.55270 0.03454
Cl 1.55584 0.29587 -1.51739
Cl 1.49919 0.43868 1.40565
N —-0.87845 2.74623 —-0.18836
N —0.68435 3.81390 —-0.09053

Table S13. Cartesian coordinates (in A) of computed CcNgCc Ny tetramer from B3LYP-D3(BJ)/def2-QZVP geometry optimizations

in Gaussian 09 Revision E.01

CciNgCciNy
C —1.84718 0.52687 —0.25037
H —1.24168 —-0.35631 —-0.12427
C 1.89898 -0.51310 —0.35646
H 1.74523 0.47433 —0.76342
Cl —2.34964 1.07362 1.35841
Cl —-0.84576 1.75925 -1.05799
Cl -3.24216 0.08828 -1.25046
Cl 3.63249 -0.86712 -0.39939
Cl 1.28496 —-0.49942 1.31162
Cl 0.97981 —1.65962 -1.35792
N 2.32167 3.53917 1.07774
N 2.33142 2.74164 0.33547
N —1.73434 —3.48805 1.60218
N -1.72297 -2.56639 1.02119
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Table S14. Cartesian coordinates (in A) of computed CoNgCcNgNy pentamer from B3LYP-D3(BJ)/def2-QZVP geometry

optimizations in Gaussian 09 Revision E.01

1.

2.

16

CalNgCoiNpNy
C 1.91689 —0.77844 —0.04704
H 1.47961 0.19776 —-0.18204
C -1.57151 0.93891 -0.01571
H -1.66390 —0.13497 0.00596
Cl 2.74548 —0.78880 1.51894
Cl 0.59532 -1.97223 -0.07675
Cl 3.04917 —1.05268 —-1.38197
Cl -3.19900 1.63172 0.03599
Cl -0.61622 1.42577 1.40176
Cl —-0.73316 1.37537 —1.52285
N —2.36568 —2.14871 2.92987
N -2.35598 -1.63396 1.96961
N 2.77378 3.56429 —0.05515
N 2.51058 2.51268 —-0.16467
N -2.57008 -1.69621 -1.80772
N —2.73476 —2.24822 -2.73256
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