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A chalcogen-bonded complex (CHz)sN---S=C=0 characterised by rotational
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Abstract

Rotational spectra of 5 isotopologues of (CHz)3N---S=C=0 were observed by chirped-pulse, Fourier-
transform microwave spectroscopy. Spectroscopic constants Bo, Dy, Dk and the N nitrogen nuclear
quadrupole coupling constant yaa(**N) determined for the symmetric-top isotopologues
(CH3)sN---S=C=0,  (CH3)sN---**S=C=0,  (CHs)sN---S=*C=0, (CDg)sN---S=C=0  and
12CH3)2(**CH3)!N---SCO show that the intermolecular binding involves a chalcogen bond to S rather
than O. Changes in various properties ( the distance r(N---S) and the force constants ks and kgs
associated with intermolecular stretching and angular oscillation & of the trimethylamine subunit,
respectively) from those of HaN---S=C=0 allow of the effect of complete methylation of NHs on the

chalcogen bond to be assessed.
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1. Introduction.

There has been much research activity recently concerned with non-covalent interactions. This
has led IUPAC to make definitions of the hydrogen bond [1] in 2011, the halogen bond [2] in 2013
and the chalcogen bond this year [3]. The last of these was defined as follows: A chalcogen bond
(symbol ChB) involves a net attractive interaction between an electrophilic region associated with a
chalcogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular
entity. This definition applies to all phases but here we shall be concerned only with the interaction of
pairs of molecules in isolation in the gas phase.

Although the chalcogen bond was named only in 2009 [4], isolated chalcogen-bonded, binary
complexes were characterised, but not so-named, in the gas phase many years ago. For example, the
complex HCN---SO> [5] is formed by the interaction of the electrophilic region near to the chalcogen
atom S with the nucleophilic region of HCN, namely the axially-symmetric, non-bonding electron pair,
to give a geometry in which HCN is perpendicular to the plane of the SO2 nuclei. Similarly, the =
electrons of ethene act as the nucleophilic site when the complex C2Hs---SOz is formed [6]. Carbon
disulphide forms weak chalcogen bonds in which H20 [7] or NH3[8] act as the electron donor and the
region just outside the S atom on the C. axis of CS; is the (weak) electrophile. Carbonyl sulphide is
a congener of carbon disulphide in which one S atom is replaced by O, another chalcogen atom. A

question of interest concerns which of the chalcogen atoms acts as the electrophile in forming
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Figure 1. Molecular electrostatic surface potential (MESP) of OCS at the 0.001 bohr/A3 isosurface calculated at the MP2/6-

311++G** level of theory by using the SPARTAN software. The front surface has been cut away to reveal the ball and
stick model of OCS.



complexes with Lewis bases. Figure 1 shows the molecular electrostatic surface potential at the 0.001
bohr/A3 iso-surface of OCS as calculated at the MP2/6-311++G** level [9,10] of theory using the
SPARTAN program [11]. There is clearly a positive potential energy region (blue) on the molecular
axis near to S, which is electrophilic, while the other chalcogen atom O possesses a corresponding
negative (orange) nucleophilic region near O. According to this diagram, the S atom should form a
chalcogen bond with a Lewis base such as trimethylamine by interacting with the axial, non-bonding
electron pair carried by N to give a symmetric-top complex (CHz)sN---S=C=0. In this article, we
report the detection and characterisation of such a chalcogen-bonded complex by means of its
rotational spectrum. Analysis of the ground-state spectra of five isotopologues leads a variety of
spectroscopic constants that can be interpreted to give details of the geometry, the strength of the
chalcogen bond and the subunit dynamics. A novel type of chalcogen-bonded species involving the
interaction of sulfur dioxide with dimethyl sulfide has been thoroughly investigated recently by

microwave spectroscopy and quantum chemical calculations [12].

2. Experimental and theoretical methods

The ground-state rotational spectrum of a 1:1 chalcogen-bonded complex formed between
carbonyl sulphide and trimethylamine was recorded in the 7.0-18.5 GHz region using the Chirped
Pulse Fourier Transform Microwave (CP-FTMW) spectrometer at Newcastle University. The
spectrometer operates in the 2.0-18.5 GHz frequency range and has been described in detail elsewhere
[13].

Gaseous carbonyl sulphide (OCS, Sigma-Aldrich, >97.5%) and trimethylamine were mixed in
equal quantities (~2%) and diluted (~98 %) in a buffer of argon gas (Ar, BOC PureShield 99.99%) at
6 bar constant pressure. The mixture was pulsed through a solenoid valve (Parker-Hannifin Series 9)
and subsequently expanded into the high vacuum of the evacuated chamber of the spectrometer to
form binary complexes (CHs)sN---SCO at an effective temperature of ~2 K. Generation of the fully
deuterated species (CD3)3N---SCO was achieved by replacing trimethylamine by a sample of
trimethylamine-d9. Eight sequential microwave pulses, each of 1 pus duration, were broadcast in a
direction perpendicular to that of the direction of propagation of the expanding gas pulses, with each
microwave pulse separately polarising molecular transitions after a delay long enough to allow decay
of the preceding polarisation. Then the emission of radiation by molecules at rotational transition
frequencies following each microwave pulse was collected in the form of a free induction decay (FID)
by a 100 GS/s oscilloscope (Tektronix DPO72304SX). Using the oscilloscope’s fast frame mode, an



FID was recorded for 20 ps after each polarisation. The FID’s were coherently averaged in the time
domain and Fourier transformed (FT) to the frequency domain spectrum using a Kaiser-Bessel window
function. Various components of the microwave circuitry, including the oscilloscope, are phased-
locked to a rubidium clock which provides a 10 MHz reference signal to ensure phase coherence in
the time domain. Spectral linewidths of approximately 100 kHz at full width half maximum (FWHM)
were achieved and transitions were measured with an estimated accuracy of about 10 kHz standard
deviation (i.e. ~10% of the linewidth).

Geometry optimisations and frequency calculations for (CHz)sN---SCO were conducted at the
MP2/aug-cc-pVTZ level [9,14, 15] of theory with the GAUSSIAN electronic structure package [16]
and are available at files G1 and G2 in the Supplementary Material. The MESP of carbonyl sulphide
was calculated at the MP2/6-311++G** level [9,10] with the aid of the SPARTAN program [11].

3. Results
3.1 Spectral analysis

The ground-state rotational spectra of the five isotopologues (*2CHz)s**N---32512C16Q,
(12CH3)314N .. '34812C160, (CH3)3N .. '32813(:160, (12CH3)2(13CH3)14N .. '32812C16O and
(CD3)3!N---32512C10 were recorded, the first four in their natural abundances of about 92, 4.2, 1.1
and 3.3 %, respectively, by using isotopically normal samples of trimethylamine and carbon
disulphide, while that of (CD3)N---32S2C%0 was obtained with the aid of an isotopically enriched
sample of trimethylamine-d9. Observed frequencies were fitted in an iterative, least-squares analysis
using Western’s PGOPHER program [17]. The final cycle of the fit for each isotopologue is included
in the Supplementary Material as Tables S1 to S5. The determined spectroscopic constants are given
in Table 1. Quantum chemical calculations at the MP2/aug-cc-pVTZ level give the equilibrium values
of B, D;, and the coupling constant yaa(**N) in satisfactory agreement with zero-point values
determined experimentally, as may be seen from the Supplementary Material, Gaussian files G1 and
G2. No imaginary frequencies were found for (CHs)sN---SCO. The spectra of observed isotopologues,
except the singly substituted *C species, were of the prolate symmetric-top type. The Hamiltonian

chosen to fit the symmetric-top spectra had the form

H = Hr — s Q(“N):VE(N) (1),



where Hr is the familiar Hamiltonian for a semi-rigid, symmetric-rotor molecule in its vibrational
ground state [18] and the second term is the energy operator describing the interaction of the N
nuclear electric quadrupole moment Q(**N) with the electric field gradient VE(*N) at the nitrogen
nucleus. The matrix of H was constructed in the In + J = F coupled basis and diagonalized in blocks
of F. For a prolate, symmetric-top molecule carrying a **N nucleus on its symmetry axis a, the
coupling tensor is diagonal and only the single independent component yaa(**N) = eQ(**N)
0?V(**N)/oa? of the tensor is necessary to describe the hyperfine structure. The resolved hyperfine

structure on three K components of the J =6 —5 transition is shown in Figure 2.
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Figure 2. A recording of K components (K =0, 1 and 2) of the J = 6 —5 transition of (*)CHj3)3N---3?S'2C%0. Some “N
nuclear quadrupole hyperfine components are resolved for K = 1 and 2, while the K= 0 transition shows only incipient

resolution. The downward pointing transitions are those simulated with the spectroscopic constants given in Table 1.
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Figure 3. A recording of the J = 8—7 transition of (*2CH3)3'*N---32S2C180 showing the dependence on K?and the fact that
the N nuclear quadrupole hyperfine structure begins to be resolved only at higher K in this high J transition. The

downward pointing spectrum is a simulation based on the spectroscopic constants from Table 1.

The fact that transitions with J quantum numbers as high as 13 were observed meant that the
¥N-nuclear quadrupole hyperfine structure of some transitions was not resolved and in those cases it
was assumed that the measured frequency corresponded to that of the F+1 —F component of largest
F. This can be seen clearly in Figure 3, which displays several K components of the J = 8—7 transition
for the most abundant isotopologue. The hyperfine structure is unresolved for the K = 0 and 1
transitions but begins to be resolved for higher K. For (CDs3)'*N---32S!2C!Q, the additional
(unresolved) quadrupole coupling arising from the presence of 9 D (I =1) nuclei led to line broadening

and precluded the resolution of the **N hyperfine structure.

The observation of some quite high J transitions also made it necessary to examine the effects
of including sextic centrifugal distortion terms in the semi-rigid rotor Hamiltonian in addition to the
usual quartic terms involving the constants D; and Dj. The distortion constant Hik was just
determinable, as may be seen from the set of spectroscopic constants recorded in Table 1, but the

remaining sextic constants did not contribute significantly and were therefore not released.

The spectrum of the isotopologue (**CHs)z (}CH3)¥*N---325=12C=160 was that of a nearly-
prolate asymmetric rotor in which it was possible to identify only a-type, R-branch transitions of the
type (J + Dy 41 = Jny and(J + 1)y, ; = Jn ;-1 , for n =0,1,2 and 3. Frequencies of these transitions
were fitted to give the rotational constants Bo + Co, Bo- Coand the centrifugal distortion constants 43,

A3k and Hyk appropriate to a nearly prolate asymmetric rotor [18]. Nuclear quadrupole coupling was
not well resolved in the observed transitions and therefore yaa(}*N) was set to the value determined for
the parent species. The same procedure was adopted for yaa(**N) of the isotopologue

(CH3)314N .. '325213(::160

3.2 Molecular properties determined from spectroscopic constants.
3.2.1 Geometry.

Only zero-point spectroscopic constants were obtained from the rotational spectra of the
various isotopologues of (CH3)sN---SCO. The rotational constants can be interpreted to provide a ro

value of the N to S distance and the centrifugal distortion constant D; and Dk can be used to obtain
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two force constants associated with the low-frequency intermolecular motion of the complex, namely
the intermolecular stretching force constant ks, and the force constant kg associated with

intermolecular bending at N.

The fact that the parent isotopologue, the species with either 3#S- or 3C in the OCS subunit,
and Do- substituted species are symmetric-top molecules shows that the OCS subunit lies on the
symmetry axis. Moreover, the changes in Bo on 34S and on 13C substitution in the parent isotopologue

lead to the rs coordinates [19] of sulfur and carbon in the principal inertia axis system of 1°0?C 32S

as = (Al /Ms)% = 1.1730 (13) A and 2.7367(6) A, respectively, where Al, is the change in the
principal moment of inertia of the parent molecule that accompanies the isotopic substitution and p is
the reduced mass of the substitution. The errors were calculated by the method in ref.[19]. Such errors
merely reflect experimental error in rotational constants and the likely to be underestimates as a result
of the floppiness of the complex. The rs coordinates are of interest only because they confirm that the
sulphur atom lies closer to the centre of mass of the complex than does C and therefore (given the
posithtion of 1N established below) that the order of the axial atoms is N---S=C=0. The position of
14N as adjacent to S is indicated by the change in the moment of inertia of the complex accompanying
complete deuteration of the trimethylamine subunit. This change is consistent only with the D atoms
lying further from the complex centre of mass than **N. Hence, the S atom is involved a halogen-bond
interaction with the non-bonding electron pair of N.

In weakly bound complexes, the largest contribution to the main difference between zero-point
and equilibrium rotational constants probably results from the contributions of the intermolecular
bending modes. A model of the complex that removes such contributions was proposed by Klemperer

and co-workers [20] and can be understood with the aid of Figure 4.

Figure 4. Schematic diagram of the model used to determine the distance rcm between the centres of mass of the (CHs)sN
and SCO subunits of the (CH3)sN---SCO complex from the observed zero-point rotational constants by allowing for the
angular oscillations 6 and ¢.



The subunits (CH3)3N and SCO are each assumed to undergo two-dimensionally-isotropic, angular
oscillations about their mass centres described by the angles 6 and ¢, respectively, indicated in Figure 4.
The distance rcm between the mass centres is assumed fixed, which means that the contribution of the
intermolecular stretching mode is neglected. & and ¢ are the angles made by the C3 symmetry axis of
(CH3)3N and the internuclear axis of S=C=0, respectively, with the line r¢m . 1t can be demonstrated

that the zero-point moment of inertia I of the complex is related to the ground-state moments of

inertia 1{°"*s"and 15" of the component molecules in reasonable approximation by [20]

I~ ur + %IéCH3)3N(1 + cos?0) + %IISCH3)3N(sin29) +215°%(1 + cos?¢p) (2),

in which c is the symmetry axis of the free (CH3)3;N molecule. It is possible to obtain operationally
defined averages of the angle & from two sources. First, if the perturbation of the electric field gradient
at 1*N by the presence nearby of S=C=0 can be ignored, the **N nuclear quadrupole coupling constant
1aa(**N) of the complex in the zero-point state is related to that yo(**N) of the free molecule (CH3)3*N

according to

Xaa (**N) = %X0(14N)(3C0520 — 1o )

where the angular brackets denote the zero-point average. Then, the operational definition of 8,, is

1 1

_ -1 20\2  __ -1 2xaa(**N) 1\2
By = cos™ {cos*0)] | = cos (m+§) (4).

By using the value of y,(**N) of (CHs)s'*N [21] from Table 2 and that x, (**N) of the parent
isotopologue (**CH3)s'*N---32S12C1Q0 from Table 1, the result is 8.y = 12.0(6) °. It will be shown below
that it is possible to obtain the quantity (62),, from the centrifugal distortion constants D; and Dk.
For the parent isotopologue, the result is (92)0,01/2: 12.7 °, in excellent agreement with that from
eq.(4). Estimating a value of the amplitude of the SCO subunit motion ¢av is less straight forward.
This would be possible by using yaa(**S) for the *S isotopologue of the complex but the spectrum of
(*2CH3)3!N---33512C180 was too weak to observe. However, recent work on the related chalcogen-
bonded system HsN---S=C=S [8], shows that it is about a factor of 2 more weakly bound than

(CH3)3N---S=C=0, according to one criterion of binding strength, namely the intermolecular



stretching force constants ks = 3.9 [8] and 7.6 N m™* (see Section 3.2.2) , respectively. Likewise, ab
initio calculations at the MP2/aug-cc-pVTZ level yield the BSSE-corrected dissociation energies De =
7.7 kI mol™* and 14.2 kJ mol?, respectively, to confirm the factor of 2 in the binding strength. It was
established in ref. [8] that ¢av = 10° for H3N---S=C=S. Given the greater strength of (CH3)sN---SCO,
it is reasonable to assume that @av for this complex is 7(3)°. Assumed values in the range of £3° then
includes the HsN---S=C=S value as an upper limit. Angles in the range 4 to 7° lead to negligible
change in the geometrical conclusions presented here. The agreement between the two methods of
estimating fay suggests the range £1° for this angle. The values of remand r(N---S) = rem —r —r', where
r and r ' ar e the distances of N and S from the centres of mass of the separate molecules (CHz)sN
and SCO, respectively, and were obtained from spectroscopic constants of the separate molecules,
which are given in Table 2 and are taken from refs. [22] and [23]. The results obtained under these
assumptions are recorded in Table 3. The errors are those that arise from assumed errors of 1° and 3°
in Gav and ¢av, respectively, and are relatively small because it happens that the distances are not
strongly dependent on these angles. There is good agreement among the r(N---S) values of the four
symmetric-top  isotopologues. The same approach cannot be applied to (**CHs):

(13CH3)¥N---325=12C=160 because it is an asymmetric rotor.

3.2.2 Intermolecular quadratic force constants

Two quadratic force constants associated with the intermolecular modes of (CH3)sN---SCO
can be determined from the centrifugal distortion constants D; and Dk of the complex. These are the

intermolecular stretching constant k, and the angle bending constant k.

In the approximation of rigid, unperturbed subunits, Millen [24] showed that, for a symmetric-
top complex such as (CHs)sN---SCO, k, is related to the constants D; and Bo in reasonable

approximation by

ko = (16m2uB3 /D;){1 — (Bo/B™a)3N) — (B, /B )} (5),



although strictly the constants should all be equilibrium values. In the absence of equilibrium
constants, zero-point quantities have been used. Values of k, obtained for the four symmetric-top
isotopologues of (CH3)sN---SCO via eg.(5) are included in Table 3. The necessary rotational constants
of trimethylamine [21] and carbonyl sulphide [23] are reported in Table 2. The internal consistency of
the values is satisfactory. The errors quoted arise from the errors in the D; values and do not account

for unknown errors arising from use of zero-point constants in place of equilibrium values.

When the model of the angular motion of the (CH3)sN subunit defined in Section 3.2.1 with
the aid of Figure 4 is assumed and this subunit is again described as a two-dimensional isotropic
harmonic oscillator, it can be shown [25] that the angle bending force constant ke is related to the

linear combination of centrifugal distortion constants D = 2D; +Djk by the equation
koo = (2h/D)B§[Bo/B 5" — 1] (6),

in which the spectroscopic constants involved should also be equilibrium values. The values of kgg
obtained when zero-point constants (available from Tables 1 and 2) are used in eq.(6) are included in
Table 3. There is excellent internal consistency among the values for the four symmetric-top

isotopologues.

It was shown in ref. [25] that the average of the square of the bending angle (6?%), , in the zero-

point state is related to kggVia eq.(7):

-1/2

(0)o0 = (h/2m) (eol, ") (7)

Values of 6,, = (62)% so determined are included in Table 3. The errors in kg and 6,, arising from
errors in the spectroscopic constants involved in egs.(6) and (7) are negligible. Presumably larger, but

unknown, errors result from the use of zero-point instead of equilibrium values in egs.(6) and (7).

4. Discussion and conclusions.

An investigation of a complex formed by trimethylamine and carbonyl sulphide in the gas phase
by means of its rotational spectrum has concluded that the parent isotopologue
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(*2CH3)s'*N---32S12C180 is a symmetric-top molecule with the atoms in the indicated order, as
confirmed by means of the 34S and *3C species associated with the SCO subunit (observed in natural
abundance) and the (CDs)s!*N species, all of which are symmetric-top complexes. The weak
intermolecular binding is therefore via a chalcogen bond formed by S of OCS (rather than O) with the
non-bonding electron pair of trimethylamine, which lies along the its Cs axis. This observation is
consistent with the MESP of carbonyl sulphide shown in Figure 1, from which it is concluded that a

point near to S on the molecular axis is the most electrophilic region of the molecule.

Interpretation of the spectroscopic constants based on unperturbed monomer geometries leads to
the following properties of the complex: the intermolecular distance r(N---S), the intermolecular
stretching force constant ks and the angle bending force constant kg associated with bending of the
trimethylamine subunit, as well as the operationally defined angles 8,, = cos™! (cosze)% determined from
the N nuclear quadrupole coupling constant and (62)1/2 determined from the force constant ks obtained by
use of eq.(6). The values of these properties for the parent isotopologue of (CH3)sN---SCO are
compared in Table 4 with those of the related complexes Hz!*N---32S12C160 [26] and H3N---32512C32S
[8], in both of which the non-covalent interaction is also via a chalcogen bond formed by S with the
axial, non-bonding electron pair carried by N. A value of re(N---S) =3.032 A for (CH3)3N---S=C=0
was also determined by means of a geometry optimisation at the MP2/aug-cc-pVTZ level of theory.
This is 0.03 A shorter than the value quoted in Table 4, as expected. Although the value in Table 4 is
corrected to some extent for the large amplitude angular oscillations in the zero-point state through
eqd.(2), the intermolecular stretching mode is ignored. This mode is likely to be responsible for most of

the lengthening in the zero-point state.

Table 4 shows that, according to the criteria listed there, the complex (CH3)sN---SCO is more
strongly bound than either HsN---SCO or H3N---SCS. This conclusion is consistent with the generally
held view that methylation of ammonia leads to an increase in the nucleophilicity of the non-bonding
electron pair. Table 4 also demonstrates that Ha3N---SCO and HsN---SCS are very similar according
to the properties r(N---S) and ks, that is the chalcogen-bonding interaction is not significantly changed

whether the electrophile region is S of S=C=0 or S=C=S. Finally, we note from Table 4 that the

11



operationally defined oscillation angles of the ammonia and trimethylamine subunits 6,, determined
from N nuclear quadrupole coupling constants using eq.(4) are systematically lower that those
(6%)1/2 obtained from kgp and eq.(7). This probably arises in part by the reduction in the magnitude of
1aa(**N) because of the electric field gradient at N due to the presence nearby of the SCS or SCO

subunits.
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Tables.

Table 1. Spectroscopic constants of the vibrational ground state of CHs)sN---SCO isotopologues

Property (CH3)3N---SCO?  (CH3)sN---3*SCO  (CD3)sN---SCO  (CHs)sN---SCO (CHs)2 (3*CH3)N

Bo/MHz 688.8526(3)° 686.3259(3) 627.7811(2) 681.9261(6) 682.9506(4)°
Dy/kHz 0.2707(10) 0.2726(15) 0.2223(8) 0.267(3) 0.276(2)
Dyx/kHz 110.38(3) 109.34(9) 124.28(3) 109.2(2) 110.5(1)
Hyx/Hz 1.2(1) 2.2(4) 2.1(1) (1.2)¢ 0.93(5)
vaa(“N)/MHz -5.141(35) -5.33(19) (-5.141)¢ (-5.141)° (-5.141)°

Ne 63 29 49 13 24

Gms/KHZ' 8.0 8.6 8.3 12.8 9.7

2 Absence of a mass number implies the most abundant nuclide
b Numbers in parentheses are one standard deviation in units of the last significant figure.

¢This quantity is (Bo+Co)/2. The constant(Bo-Co) =1.8283(6) MHz was also determined in the fit of this
asymmetric-top molecule (see text). The centrifugal distortion constants are also those appropriate to an
asymmetric-top molecule (see text), namely 43, 43« and Hik.

d These values were transferred from the parent isotopologue and held fixed in the fit.

¢ Number of hyperfine components included in the fit. TRoot-mean-square deviation of the fit.

Table 2. Spectroscopic and molecular properties of isolated trimethylamine and carbonyl sulphide

Property Trimethylamine Carbonyl sulphide

(CH3)314N (CD3)314N 328120160 34slzclﬁo 32813(:160
3 8720.86% 6390.6789° 6081.49248(8)° 5932.838(5)° 6061.92510°
Co/MHz 498459 3767.45¢ - - -

yo(**N)/IMHz  -5.5002(18)°
riA 0.3598f 90.3874 - - -

r'/Ag - - 1.0389 1.0054 1.0476

aRef.[22]. " Determined in this work from measurement of the J =1—0 transition under the assumption D; =
7.29 KHZ (from parent species reported in ref.[22])

°Ref.[23]. 9Calculated from the rs geometry reported in ref.[22].
¢Ref.[21] frscoordinate of N reported in ref.[22]. r is the distance of **N from the (CHs)sN mass centre.

9 Calculated from the geometry ro(C=S) =1.5645(9) A and ro(C=0) = 1.0389(1) A obtained by fitting the
ground-state rotational constants of 32S'2C16Q, 34S'2C16Q, 32S12C8Q and 3?S'*C*®0 given in ref.[23]. r' is the
distance of S from the mass centre of the appropriate isotopologue of OCS.
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Table 3. Properties of the complex (CH3)3N---SCO determined from its ground-state rotational spectrum.

Property (CH3)3N---SCO? (CHa)sN---*SCO  (CD3)sN---SCO  (CH3)sN---S CO
Fem/A® 4.461(2) 4.429(2) 4.487(2) 4.470(2)
r(N---S)/A® 3.063(2) 3.063(2) 3.061(2) 3.063(2)

Ko/ (N mt) © 7.60(3) 7.58(4) 7.43(3) 7.56(8)

)(10% Kgo)/ ¢ 4.808(1) 4.809(9) 3.405(1) 4.774(1)

(0%)7 /deg. 9 12.686(1) 12.677(3) 12.795(1) 12.709(1)

2 Absence of a mass number implies the most abundant nuclide.
b See eq.(2) and Figure 4 for definition. Errors are transmitted from assumed range of angles & and ¢. See text.

¢ The errors quoted for ks are those generated from the error is Djand take no account of the fact that
zero-point rather than equilibrium constants are used in eq.(5).

dThe errors quoted for kggand @,, are those generated from the error in 2D, +Dyk and take no account
of the fact that zero-point rather than equilibrium constants are used in egs.(6) and (7).

Table 4. Comparison of various properties? of the chalcogen-bonded complexes (CH3)3N---S=C=0,
H3N---S=C=0 and HsN---S=C=S

Complex r(N---SYYA  ko/(Nm?) (102 kep/J  6,,/deg. (62)1/2deg.
(CH3)sN---SCOP  3.063(3)  7.603) 2.808(1) 12.0(6) 12.7(5)
HsN---SCO ¢ 3.3233(2) 4.687(9) 6.871 25.2 28.1
HsN.---SCS ¢ 3338(10)  3.95(2) 4.600(1) 27(3) 31.0(1)

ar(N---S), ks, koo, 8,, and (62)1/2 were determined by use of egs. (2), (5), (6), (4) and (7), respectively.
b This work. ¢ Ref. [26]. YRef. [8].
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