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Rotational transitions for four isotopomers of diethynyl sulfide, S(CCWere observed by using a pulsed
nozzle Fourier transform microwave spectrometer. Vibratiaiation interaction constants obtained from

ab initio calculated force fields were used to convert the ground-state rotational constants to equilibrium
values. The latter were used to derive structural parameters, several of which are not in good agreement with
those obtained from high level ab initio calculations. The structure has plansymmetry with the following
parameters:d(S—C) = 1.708(20) A,d(C=C) = 1.211(10) A,d(C—H) = 1.061(10) A,0(C—S—C) =
100.5(5), O(S—C=C)outside ange= 174.4(15), O(C=C—H)insidge ange = 177.0(25j. The structure of bis-
(phenylethynyl) sulfide, S(ECCsHs),, was determined by X-ray crystallography. The unit cell contains two
inequivalent molecules. The structural parameters are (average of both species; uncertainties represent 1
d(S—C) = 1.695(4) A,d(C=C) = 1.198(2) A,d(C—Cpheny) = 1.440(4) A,0(C—S—C) = 101.4(9y, O(S—

C=C) = 176.4(19}, andJ(C=C—Cpneny) = 178.2(8). The phenyl groups are twisted out of the-&-C

plane from 20 to 85such that each phenyl ring is oriented nearly &0its intramolecular mate. The structural
parameters are compared with several other sulfides and with hydrocarbons containing acetylenic linkages.
The nonlinearity about the acetylenic bond follows a pattern seen in other similar species, although it is more
pronounced in S(CCHYXhan in hydrocarbons. These data constitute the first experimental structural studies
on uncomplexed diethynyl sulfides.

Introduction Addition of two hydrogen atoms (#€.S) gives rise to more
conventional valence bond forms obeying the octet rule,
including two simple unsaturated species, BSTH and
S(C=CH),, containing the ethynyl (acetylene) group. Surpris-
ingly, these are not well-characterized species. The monoethynyl
sulfide has only been observed by IR spectroscopy in low-

There has been a growing interest gSfand GSH, species
due to their implication in interstellar chemistry and material
science applications. Regarding theg8Gystem, CS, £5, GS,
and possibly €S have been identified in the interstellar

PR ) ;
medium,~* stimulating many subsequent observations and temperature matrices after formation by photoly4ig® The

;nc?grfcl:ler:?ngrg?griizgr;?(?r:iieagi?agegé{gﬁs.;heer?easteorﬂ;rbondiethynyl sulfide is a useful synthetic reagent but quite reactive
; ) 9 prop and usually generated and reacted in %itd? It has not been
clusters upon introduction of a heteroatom. There are data

indicating that oraanic films of aboroximate-€ composition characterized by liquid- or gas-phase structural techniques except
cating 9 . PP & P for proton NMR. Ab initio studies of the structure and electronic
exhibit unusual electrical properti@ésSeveral recent papers

: . . properties of both species have been repoiietf.
summarize much of the experimental and theoretical work on o .
this systenf 13 There are several reports of the characterization and reactions

. . . f a similar prototype diacetylenic species, bis(phenylethynyl)
The carbon rich ¢S species are highly unsaturated, and ora ) .
hydrogen atom addition topthem leads to%thH@ystem. These  Sulfide, S(G=CGeHs)2. 377 A study of its detailed structure has
species are also prospects for identification in the hydrogen- not_been undertaken, aIt_hough some parameters are _a\_/a|lab|e
rich interstellar medium (ISMJ-15 similar to the linear cyan- for its reaction prc;gi;Jct with dicobaltoctacarbonyl containing a
opolyenes, HgCN (n = 1-5), which have already been SC’E.CCGH5 9r°“p- . .
observed in the ISM8 This has led to a number of recent Given the interest in small carbeinydrogenr-sulfur species
experimental and theoretical studies of various 8IC and prompted by our previous structural studies of unsaturated
specieg317-21 including high-resolution spectra studies of the Prototype species such as gB=CH),** and XCH=CHX
HC,S, HGS, and HGS radicalsi41522.23 (X = C5H,*° CN*0), we decided to investigate the structure of
S(C=CH), by high-resolution spectroscopy and to compare it

t Present address: Department of Chemistry, Eastern lllinois University, With an X-ray structure determination of S&CsHs),. This
Charleston, IL 61920. paper reports the results of this study including high level ab
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TABLE 1: Observed Frequencies of Rotational Transitions for the Normal and Three Isotopic Species of Diethynyl Sulfide

S(C=CH), 3S(C=CH), S(C=CH)(C=CD) S(*C=CH)(C=CH)
Jare — J'kake v, MHz Av,2kHz v, MHz Av,2kHz v, MHz Av,2kHz v, MHz Av,2kHz

110 log 8118.942 -8 7817.746 27 7794.587 -20 8126.244 99

211 202 8688.225 43 8403.147 25 8331.410 20 8686.222 —24

312 303 9593.576 68 9337.375 61 9184.383 58 9576.280 9

445 4oy 10892.558 -43 10682.738 ~36 10406.998 -34

111 Oco 12284.036 -121 11955.919 —48 11759.560 ~50 12260.872 ~169

212 1oy 16449.425 61 16094.185 24 15724.639 25 16396.021 84

8 AV = Vopsd — Vcaled With vcacg Obtained with the rotational constants in Table 2.

initio calculations of S(&CH),. The ab initio structure is  gas expansions used “first run” neehelium mixtures £¢10%
compared with the experimental equilibrium structure derived He, 90% Ne) at +2 atm as the buffer gas. The expansions
by making corrections for vibratiorrotation effects to the  were directed perpendicular to the microwave cavity axis,

spectroscopic data. resulting in line widths of about 30 kHz fwhm, sans Doppler
doubling. Center frequencies were accurate to about 4 kHz.
Diethynyl Sulfide Spectrum. An ab initio calculation (CCD/6-31G**) predicted
Synthesis.Diethynyl sulfide () was prepared following a a sparsé-dipole spectra based on rotational constants of g_bout
literature procedure with some modificatioH£°A solution of 10 200, 2640, and 2100 MHz. The four strongest transitions

bis(trimethylsilylethynyl) sulfide (0.554 g, 2.45 mmol) in Were observed after a few days of searching near the predicted
ethylene glycol (6.5 g) was treated with tetrabutylammonium '€gions. These were thed1is, lo1-212, loi-lio, and 2p-211
fluoride trihydrate (1.54 g, 4.88 mmol). An additional 3.5 g of transitions. These transitions were confirmed by t_helr splitting
ethylene glycol was added to the rapidly stirring solution, which patterns in an electric field. For thg normal species, the next
turned dark with the formation of some solid. After a minimum three members of the Q-branch series were also observed. The
of 30 min of stirring, small amounts of the solvent ahdrere highestJ member of this seriesJ(= 5) was of diminished
distilled at room temperature on a high vacuum line into a 1-L !nten5|_ty due to rotational cooling so that it was only reproduc-
bulb for microwave spectroscopic analysis. The sample bulb iPle with freshly prepared samples, as were two higher
typically contained about 0.5 mmol @fwhich we estimate has ~ R-branch transition$:
a vapor pressure of between 1 and 5 torr at room temperature. The two strongest R-branch transitions and the first four
This provided enough material for several hours of microwave members of the Q-branch series could be observed in natural
spectroscopy. The sample transfer from the reaction pot couldabundance for thédS species and for the enriched shecies
be repeated 34 times before signals became too weak for (HCCSCCD). Their positions were predicted to about 5 MHz
efficient work. The gas-phase concentratiorilof the sample ~ Or less based on the expected isotope shifts for the initial
bulb after filling it with 1—2 atm of a buffer gas was low, likely ~ structural model. The §3-11; transitions were confirmed by
0.06-0.6%, reducing the signals below optimal levels. However, Stark splittings. The lines for the, dpecies were broadened
this was sufficient to observe transitions of the normal isotopic due to unresolved deuterium quadrupole splitting. Unfortunately
species with S/N of about 20£30/1 after about 500 gas pulses the low intensity of these transitions precluded observation of
and to identify the34S isotopomer in natural abundance after additional weaker ones. The species WiBhex 1o swas observed
more averaging. An enriched ésotopomer was prepared by after considerable signal averaging (56d®000 gas pulses).
using deuterated ethylene glycot90% deuterium) for the Each of these transitions were observed at least 4 times when
solvent. This gave a sample with weak, nearly equal intensity the corresponding transitions of the normal species were their
transitions for the normal isotopomer and thespecies. This ~ strongest. The assignment of tH€next 10 sSpecies is based on
sample was depleted before a search could be attempted fothe isotope shift predicted from the 3-isotopomer fit (see below)
transitions of the glspecies. Several samples were prepared with and an inertial defect closely similar to the normal species. The
variations in the procedure (quantities, solvent, purification) in Species with**Cnext 1o 4 Was more problematical. Prospects for
an effort to observe th&C isotopomers in natural abundance, the Go-111, lo1-110, and 2,-2;; were observed and reproduced
but no improvements in signal intensity were obtained probably several times with fresh samples “on good days” but the
because a low vapor pressure for the material proves limiting. additional weaker transitions were not forthcoming and so this
The reactive, potentially hazardous natureloflissuaded us  assignment is not considered confirmed. These transitions
from further purifying and concentrating it or scaling up the appeared to be split (perhap&& spin rotation effect), reducing
synthesis. EnrichetfC syntheses were not feasible. their intensity. After numerous sample preparations, the assign-
Spectrometer.The rotational transitions were observed with ment effort for this species was suspenéted.
Fourier transform microwave spectrometers operating between Table 1 lists the observed transitions for the four isotopic
5.5 and 17.0 GH#'ab The spectrometers used software and species. Because of the small number of transitions it was not
hardware modifications developed at the University of Kiel appropriate to determine any centrifugal distortion terms in the
enabling automatic scanning over several hundred megdhertz. fitting. Hence the calculated spectra are from a rigid rotor
Pulsed gas nozzles were employed. One spectrometer used &lamiltonian fit and show some deviation due to distortion
modified Bosch fuel injector. The second employed a General effects contributing from 0.1 to 3 MHz to the energy levels.
Valve Series 9 valve with a 0.8-mm-diameter orifice. A few Neglect of these effects is expected to affect the rotational
drops of the sample (a mixture of diethynyl sulfide and solvent, constants listed in Table 2 by about 60.4 MHz. This was
usually ethylene glycol) were transferred on a vacuum line from estimated by incorporating calculated distortion constants into
the reaction pot to a 1-L bulb (vide supra). A buffer gas was some fits. The quartic distortion constants were obtained from
added (necessary for cooling and to prevent aggregation) andan ab initio force-field calculation (see below) and ranged
the gaseous mixture was expanded through the nozzles. Thebetween 0.001 and 0.181 MHz.
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TABLE 2: Experimental Rotational Constants and Planar Inertial

Matzger et al.

Moments for Four Isotopic Species of S(&ECH),

normal 345 D 13C
A, MHz 10 201.554(52) 9886.870(30) 9777.108(29) 10 193.593(92)
B, MHz 2623.865(43) 2623.865(25) 2493.347(24) 2600.462(104)
C, MHz 2082.604(29) 2069.097(17) 1982.502(16) 2067.448(448)
P.a2amu A2 192.8681 192.8717 202.9604 194.6049
Py, amu & 49.7987 51.3793 51.9594 49.8410
P., amu & —0.2594 —0.2631 —0.2694 —0.2628
Aigb, amu & 0.5188 0.5262 0.5388 0.5256

AP = 0.5 (p + Ic — 15) = Zma?, and similarly forPyp, Pec. 1A = 505 379.01 MHz Amu A P Aig = 1. — Iy — |, (inertial defect).

TABLE 3: Empirical Equilibrium Rotational Constants
(MHz) for S(CCH), and Isotopomers

TABLE 4: Structural Parameters for S(C=CH),

experimental ab initio
Ae Be Ce  A-Ae Bo-Be Co-Ce ra [ re rd
F ield | SCF/DZP - - - -
orce Fie
normal 10143.06 2628.78 2087.13 58.49-4.92 —4.53 Bond Lengths, A
34 4 _ s—C 1.7230 1.7209 1.6947 1.7105
S 9830.87 2628.69 2073.51 56.00—4.83 4.41 —
_ _ c=C 1.2066 1.2102 1.2109 1.2114
D; 9719.96 2497.80 1986.60 57.15—4.46 4.10 C—H 10573 10596 10633 10630
BC 10135.70 2605.31 2071.94 57.89—4.85 —4.49 ’ ) ’ )
Bond Angles, deg
Dipole Moment. Stark splitting measurements were made C:S;C 100.24 100.21 100.83 100.55
on the Qo-11; and ki1 transitions of the normal isotopic C=C—Himrof 174.80 174.99 179.10 17811
species at several electric field values. The experimental setup .
. . . . Dihedral Angles, deg
and calibration procedure has been described previdt3iye S—C=C—H 180.00 180.00 180.00 180.00
shifts of the components ranged from 0.038 to 0.213 MHz for c—s—c=c 180.00 180.00 180.00 180.00

the first transition and from 0.339 to 1.325 MHz for the second.
Using the second-order perturbation coefficients calculated with
the rotational constants in Table 2, a dipole moment of 0.75(2)
D was obtained.

Ab Initio Analysis. The ab initio calculations mentioned
above, which were used to guide the initial experiments, were
subsequently improved by high-level treatments. This was
undertaken to provide a “state of the art” ab initio structure for
comparison with an experimental equilibrium structure. The
latter is obtained by calculating the vibratiorotation inter-
action constants from an ab initio force field and using them to
modify the observed ground-state constants to give so-called
experimental (or empirical) equilibrium values. Before discuss-
ing these results, this section will outline the methodology
employed in the ab initio analysis.

The calculations reported in this section were performed wit
a local version of the ACES Il program&Structure optimiza-
tions used the coupled cluster approximation with single an
double excitations, CCSH, and CCSD augmented with a
correction for triple excitation effects, CCSD(¥)Basis sets
used in the geometry optimizations were the cc-pwCVTZ set
for sulfur*® and the cc-pCVTZ for carbon and hydrog®he
structure from the latter calculation is given in Table 4 as the
ab initio equilibrium structure.

To determine the empirical equilibrium rotational constants,
the ground-state rotational constants were corrected for the zero
point vibrational effects by using the relationship

h

d

Ag=A,— 02

whereA is the ground-state rotational constant (TableA2)s
the equilibrium value, andy” are the vibratiorrotation
interaction constants. The summation is over tlii¢ 3 6
vibrational modes and there is an analogous equation fdB the
andC rotational constants. Th&s are functions of the harmonic
and anharmonic force constants. Recent Wotk®t55 has

aFit of I, Ip ground-state moments for four isotopic spechesit
of thel,, I, moments corrected for vibratiemotation interaction effects.
¢ CCSD(T); basis sets were cc-pwCVTZ for sulfur and cc-pCVTZ for
carbon and hydroged.CCD/6-31G** using Gaussian 98W. ¢ The
“outer” implies the G=C bonds bend away from each other. The “inner”
implies that the €-H bonds bend toward each other. See dihedral angles
in next rows and Figure 1.

In this work, we have followed a procedure that was used in
two recent studies to calculatevalues®®3°The quadratic and
cubic force fields were determined at the SCF level by a
procedure based on numerical differentiation of analytically
computed second deriviatives.5” These were then employed
to calculate then’s by using equations from the literaturé.
The force field (hereafter force field I-FFI) was calculated at
the SCF level using the DZP basis to obtain the corresponding
quadratic and cubic force constants along with the equilibrium
structure. These''s and equilibrium rotational constants are
listed in Table 3. The equilibrium structures obtained from these
rotational constants are given in Table 4.

Structure Analysis. Ethynyl sulfide is expected to have
planarC,, symmetry For a planar molecule, only two of the
three equilibrium moments of inertia are independent sigce
+ lp = lc. The ground-state moments of inertia do not quite
obey this relationship because of vibratientation contribu-
tions. The so-called inertial defecAfy. = Ic — lp — |a)
calculated from these moments is close to 0.52 arhioAthe
four isotopomers. This is a large but not unusual value for a
planar molecule of this size with low-frequency vibrations. By
use of the empirical equilibrium rotational constants from FFI,
the inertial defect is reduced to 0.067 amé Ahis value is
typical for moments with residual contributions from centrifugal
distortion effects and electrons as well as errors in the force
field.3® The small value essentially confirms the expected
planarity of the species. A 3:1 alternation of intensity for odd/
even rotational transitions should also provide evidence of a

shown that these terms, related to the force field of course, canC, axis, which exchanges a pair of equivalent H atoms. The

be evaluated relatively accurately at somewhat low levels of
theory (often SCF level) and considerably improve structure

Ooo-111 and J1-110 pair was weak, strong consistent with this.
In contrast, and conflicting, the22;; was usually more intense

determinations compared to using just the ground-state momentsthan the 3:-1;0. Since there is no reason to doubt there &a
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axis based on the dipole moment and inertial analysis, these
inconsistent results are attributed to the well-known problem 174.4°
of obtaining meaningful intensities in FTMW spectrometers.
This arises from difficulties in consistently maintainingr&
condition in polarizing the transitions and problems with the
spectrometer components responding linearly when transitions
are well separated. The molecular beam may also be colder than
we usually expect (22 K), contributing somewhat to these
results.

Given a planar moiety, the first three isotopic species that Bis(phenylethynyl) Sulfide
were assigned (normaP*S, d) provided six independent
moments of inertia to determine the structural parameters. This
is just sufficient since ethynyl sulfide has six parameters
conveniently chosen as three bond distances and three bond
angles. A typical procedure for determining these quantities is
to employ a nonlinear least-squares fitting program such as the
STRFIT (or STRFITQ) program used by many spectroscopfists.

This program gives a mathematically satisfactory fit with a low . . . . : .
prog g y y inequivalent molecules in the asymmetric unit which are

) . pon
residual (essentially zero) faklms™ However, the structural illustrated in Figure 2! Key distances and angles are listed in

parameters_ have a Ia_rge statistical uncertainty, since the €AUaTahle 6. The experimental values for the G=C bonds in this
tions contain a near linear dependence and several paramete

. : ompound are 1.695(4) A. This is significantly elongated relative
can vary markedly without affectingMms The structu_ral to thg corresponding(d)istances forg€SEC inythe Cgambridge
palr ametzersf _?bg?midl were closethto the valuesl I?bI@bebth Structural Database (CSB).(Ordered organic structures of
column < of Table 2. In essence, there IS a correlation beh eenethynyl sulfides with an additional carbon substituent were
the positions of the two carbon atoms that can vary in a

. . . 2 searched yielding 19 compounds and 66 unique types of bonds
systematic manner, altering the structural parameters while still, o April 2002 version of the database. See Figure 3.) Since

giving a smallAlms This correlation can be reduced, minimiz- 4t of the ethynyl sulfide structures in the CSD have an alkyl
ing the structural uncertainties by obtaining additional isotopic substituent, this can likely be ascribed to a decreased contribu-

shift data involving the carbon atoms. Using this derived tion from the dipolar resonance structure in the diethynyl
structure, the spectra of twdC singly substituted species were  gyifides: G=CS'=C=C-. The S-C=C bond angle is an
predicted and transitions for tReC, . 1o sspecies were observed average of 176.4(19)and is within the typical values in the
close to the expected frequencies, as discussed above. Whegsp for organic structures that include cyclics. The ethynyl
these moments were added to the fit, the linear dependence waginits bend away from one another but to varying degree
removed and the fitting program gave low uncertainties. consistent with the flexibility of the acetylenic units and a
Table 4 lists the structural parameters obtained from the contribution from crystal packing forces. The average
various procedures. The second column labelgdas the C=C—Cpnenybond angle measures 178.2(&8nd three of the
quantities obtained from fitting eight ground-state moments of four unique bonds bend toward one another. The phenyl groups
inertia (4, Ip) for the four isotopomers. This so-called “effective  are twisted out of the €5—C plane from 20 to 85such that
structure” contains uncertainties arising from the uncompensatedeach ring is oriented nearly 9@o its intramolecular mate.
vibrational effects; for example, the parameters vary over a range
of 0.01 A and 1.2 (bonds and angles, respectively) if instead Discussion
thely, I I, Ig; Or 4, Ip, I¢ set is fitted due to the large value of
the inertial defect. The third column lists the experimental
equilibrium (or empirical)re structures obtained from fitting repelling each other. The=eC—H linkages in1 and three of

the eight corrected ground-state constamstg by using FFI. the four GEC—Cphenyi@ngles in2 are also nonlinear, as if the
If other sets of moments are chosen, the variation is about O.OO4H Or Cynenyiare weakly attracting. There is now considerable

Aand 03 s_ince the inertial defe(_:t is smaller. quumn 4 cont_ai_n_s precedence for some distortion from 2&bout the X-C=C
the equilibrium parameters obtained from the high level ab initio ang G=c—H linkages as noted in our recent wé#eé® The

1.211A

_/ 1.061 A
177.0°

Figure 1. Structural parameters in diethynyl sulfide.

Synthesis.Bis(phenylethynyl) sulfide3) was prepared by
the literature procedure and purified by column chromatography
n silica gel eluting with hexanégab

X-ray Structure Determination. The single-crystal X-ray
structure of bis(phenylethynyl) sulfide was determined on a
Bruker SMART system. The compound crystallized in Bé
(triclinic space group) witlz = 4 and therefore contains two

In both title compounds it is clear that the-€=C linkages
are nonlinear as if the carbons distant from the sulfur are

is reasonably close agreement for three of thestructural  previous cases where the ethynyl group is attached to a carbon
parameters, whilg(S—C), DC=C—H, and IS—C=C vary atom. A similar large (repulsive) deviation from linearity of 5
about 0.02 A and 24°, considerably larger than expected based is seen in S(CNyfor the SCN linkagé* These subtle changes

on our previous experience with systems such assBECH= are not readily rationalized as arising from electronic effects

CH—C=CH?3& and NC-CH=CH—CN3° The reasons for this  such as dipoledipole or through space orbital interactions
larger range are unclear but probably arise from a combination without considerable additional analysis and interpretation of
of factors: the larger uncertainty in the experimentaland the quantum calculations.

deficiencies in the ab initio force field calculations. Consequently A noteworthy parameter in both compounds is+§), which

our best estimate of the equilibrium structure is an average of falls between a typical €S single bond (1.815 A in S(Gj$)®>
columns 3 and 4 with uncertainties sufficient to encompass and a G=S double bond (1.611 A in }£=S)56 This is often
them; viz.,r(5S—C) = 1.708(20) A,r(C=C) = 1.211(10) A, attributed to a manifestation of the differences in size between
r(C—H) = 1.061(10) A,0C—S—C = 100.5(10y, OS—C= sp, sB, and sp carbon. Some interaction of the sulfur with the
Cooutside angle™ 174.4(15), OC=C—Hinside angley= 177.0(25}. ethynyl groups where donation from sulfur occurs has also been
This structure is illustrated in Figure 1. proposed® As noted in the previous section, there is some
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Figure 2. Atom numbering and orientation of two bis(phenylethynyl) sulfide species in the crystal.

TABLE 5: Comparison of Structural Parameters?

C=C CC-s S—CH;s gcsc ref
S—(C=CH), 1.211(10) 1.708(20) 100.5(10) this work
CH3S—C=CH 1.205(7) 1.685(5) 1.813(2) 99.9(2) 67
CH3S—C=C—S—CH; 1.211 1.671(2) 1.806(2) 86.5(50) 68
S—(CH=CH), 1.758(4) 101.8(21) 69
S—(CN), 1.700 97.9 64
S—(CHs)2 1.815 65
H,C=S 1611 66
S—(C=C—Cs¢Hs) 1.198(2) 1.695(4) 101.4(9) this work
crystal data survey 1.202(6) 1.678(6) 102.0(1.3) 62

aBond distances in angstroms, angles in degre&8.organic compounds were retrieved from the Cambridge Structural Database containing 66
unique S-C=C linkages. The mean value and one standard deviation are listed.

TABLE 6: Selected Structural Parameters for 10 ; N N ;
Bis(phenylethynylp Sulfide® oo :
S—C, 1696(2) G—C, 1.197(2) G—C;  1.440(2) I B e
S—Co 1.698(2) G—Cyp 1.196(2) Gr—Ci 1.443(2) ) SR PR N SR SO NSO S S deeee
$—Ciy 1.690(2) GrCiz 1.201(2) GsCio 1.441(2) b :
S$—Cos 1697(2) GsCp 1.198(2) GsCor 1.435(2) LR SR SR S I | | e
Cr—S—Co 100.8(1) G—S—Cuy  102.1(2) U S e ey |
S—C—C, 178.5(2) $—Ci7—Cis 177.2(2) P E
§—Co—Cio 175.7(2) $—Cos5—Czs 174.1(2) P N PR R S § § § . deeees
C,—C—Cs 177.4(2) G7—Cig—Cy9 177.9(2) H : :
Co—CwCu  179.0(2) Gs—Cys—Crr  178.6(2) U EAERIEEEIE SRR S | R 4-----
ring 1—ring 2 88.47(8) N L S S .
ring 3—ring 4 88.41(9) R i
aSee Figure 2 for atom numbefsBond distances in angstroms, LI R WA 0 F
angles in degree$ Angle between the mean planes of the phenyl rings. J : :

Ring 1 contains €-Cs; ring 2, Gi1—Ciys, ring 3, Go—Caq; ring 4,
Co—Csa. See Figure 2. .
1650 1.

a

55 1660 1.665 1670 1.675 1.680

increase in this length in bis(phenylethynyl) sulfide compared §-CC bond length (A)

to ethynyl sulfides in the CSD. This increase (roughly 6:01  Figure 3. Histogram of S-C bond distances for selected ethynylsulfide

0.03 A) is also manifest in diethynyl sulfide, even considering species from the CSD.

the large uncertainties, compared to most of the crystallographic

values. The large majority of these latter data have a single

SC=C moiety and many are appended to ring systems so thatin this case (roughly 0.02 A) This deterioration is presumably

the comparison may not be closely electronically equivalent. due to a larger uncertainty in the experimertsland deficien-
For comparison, an experiment®, structure has been cies in the ab initio force field calculations arising from basis

determined for the closely related E-CSCH;.57 This is listed set inadequacies for the third row element (S). This matter needs

in Table 5 along with electron diffraction structures for £H  further investigation before it is completely resolved.

SG=CSCH%8 and S(CH=CH,),%® and a near-experimentil

structure for S(CN)54 There also are several ab initio calcula- ~ Acknowledgment. C.E.N. was supported by a summer

tions for H&=C—SCH; and HG=C—SH with r(C=C) between undergraduate fellowship from a NSF-REU grant to the

1.170 and 1.223 A and(C—S) between 1.697 and 1.720 University of Michigan. The FTMW spectrometers were

A.30-36,70 constructed with funds from the National Science Foundation,
In our previous structural studies of the unsaturated prototype Experimental Physical Chemistry Division. We thank Jeff W.

species CH{C=CH),38 and XCH=CHX (X = C,H3? or CN¢#0), Kampf for the X-ray structure determination.

the agreement between the empirical equilibrium structure and

the highest level ab initio structures was very good (conserva- References and Notes

tively better than 0.005 A and (6 The agreement is less (1) Cernicharo, J.; Guelin, M.; Hein, H.; Kahane,/&tron. Astrophys

satisfying for diethynyl sulfide, for three of its six parameters 1987,181, L9.

1.685 1.690  1.695




Structures of S(CCH)and S(CCGHs)»

(2) Saito, S.; Kawaguchi, K.; Yamamoto, S.; Ohishi, M.; Suzuki, H.;
Kaifu, N. Astrophys. J1987 317, L115.

(3) Yamamoto, S.; Saito, S.; Kawaguchi, K.; Kaifu, N.; Suzuki, H.;
Ohishi, M. Astrophys. J1987 317, L119.

(4) Bell, M. B.; Avery, L. W.; Feldman, P. AAstrophys. J1993 417,
L37.

(5) Dishoeck, E. F.; Blake, G. AAnnu. Re. Astron. Astrophysl998
36, 317.

(6) Lee, H. H.; Bettens, R. P. A.; Herbst, Astron. Astrophys. Suppl.
1996 119 111.

(7) Turner, B. E.; Lee, H.-H.; Herbst, Bstrophys. J. Suppl. Ser988
115 91.

(8) Spiro, C. L.; Banholzer, W. F.; McAfee, D. Shin Solid Films
1992 220, 122.

(9) Szczepanski, J.; Hodyss, R.; Fuller, J.; Vala, MPhys. Chem
1999 103 2975.

(10) Chin, H.; Huang, R.; Lu, X.; Tang, Z.; Xu, X.; Zheng, L.Chem.
Phys 200Q 112, 9310.

(11) Lee, SChem. Phys. Lettl997 268 69.

(12) Pascoli, G.; Lavendy, Hnt. J. Mass Spectroni998 181, 11.

(13) Fisher, K.; Hopwood, F.; Dance, |.; Willett, Gew J. Chem1999
23, 609.

(14) McCarthy, M. C.; Vrtilek, J. M.; Gottlieb, E. W.; Tao, F.-M.;
Gottlieb, C. A.; Thaddeus, RAstrophys. J1994 431, L127.

(15) Vrtilek, J. M.; Gottlieb, C. A.; Gottlieb, E. W.; Wang, W.;
Thaddeus, PAstrophys. J1992 398 L73.

(16) For a current tabulation of observed species in the ISM, see:
Wootten, H. A.Reported Interstellar and Circumstellar Moleculéstp://
www.cv.nrao.edu~awootten/ (Accessed Dec. 2000), last updated December
1, 2000.

(17) Liu, Z.; Tang, Z.; Huang, R.; Zhang, Q.; Zheng,J.Phys. Chem.

A 1997 101, 4019.

(18) Flammang, R.; van Haverbeke, Y.; Wong, M. W.; Wentrup, C.
Rapid Commun. Mass Spectroh®95 9, 203.

(19) Li, Y.; Ilwata, S.Chem. Phys. Lettl997, 273 91.

(20) Szalay, P. G.; Blandeau, J. P.Chem. Phys1997 106, 436.

(21) Szalay, P. GJ. Chem. Physl996 105 2735.

(22) Tang, J.; Saito, SI. Chem. Phys1996 105 8020.

(23) Hirahara, Y.; Ohshima, Y.; Endo, Y. Chem. Phys1994 101,
7342.

(24) Maier, G.; Flgel, U.; Peisenauer, H. P.; Hess, B. A., Jr.; Schaad,
L. J. Chem. Ber1991 124 2609.

(25) Hawkins, M.; Almond, M. J.; Downs, A. J. Phys. Cheml985
89, 3326.

(26) Krantz, J.; Laureni, 1. Am. Chem. Sod 981, 103 486.

(27) Ashe, A. J., Ill; Kampf, J. W.; Waas, J. Rrganometallics1995
14, 3141.

(28) Meijer, J.; Vermeer, P.; Verkruejsse, H. D.; BraudsmaREcl.
Trav. Chim. Pays-Bad973 92, 1326.

(29) Verboom, W.; Schoufs, M.; Meijer, J.; Verkruijsse, H. D;
Brandsma, LRecl. Tra.. Chim. Pays-Bad4978,97, 245.

(30) Boyd, S. L.; Boyd, R. JJ. Am. Chem. Sod 997 119, 4214.

(31) Bachrach, S. M.; Salzner, U. Mol. Struct. (Theochem2995
337, 201.

(32) Murai, T.; Shimizu, A.; Tatematsu, S.; Ono, K.; Kanda, T.; Kato,
S. Heteroatom Cheml994 5, 31.

(33) Wiberg, K. B.; Rablen, P. Rl. Am. Chem. Sod 993 115 9234.

(34) Siegbahn, P. E. M.; Yoshimine, M.; PacanskyJ.JChem. Phys
1983 78, 1384.

(35) Strausz, O. P.; Gasavi, R. K.; Bernardi, F.; Mezey, P. G.; Goddard,
J. D.; Csizmadia, I. GChem. Phys. Lett1978 53, 211.

(36) Bernardi, F.; Mangini, A.; Epiotis, N. D.; Larson, J. R.; Shaik, S
J. Am. Chem. S0d 997, 99, 7465.

(37) (a) Verboom, W.; Schoufs, M.; Meijer, J.; Verkruijsse, H. D.;
Brandsma, LRec. Tra. Chim. Pays-Bad4978 97, 244. (b) Herres, M.;
Walter, O.; Lang, H.; Hosch, R.; Hahd, Organomet1994,466, 237. (c)
Voets, M.; Smet, M.; Dehaen, W. Chem. Soc., Perkins Trans. 11999
1473.

(38) Kuczkowski, R. L.; Lovas, F. J.; Suenram, R. D.; Lattimer, R. P.;
Hillig, K. W., II; Ashe, A. J., Ill J. Mol. Struct 1981, 72, 143.

(39) McMahon, R. J.; Halter, R. J.; Fimmen, R. L.; Wilson, R. J,;
Peebles, S. A.; Kuczkowski, R. L.; Stanton, JJFAmM. Chem. So@00Q
122, 939-949.

(40) Halter, R. J.; Fimmen, R. L.; McMahon, R. J.; Peebles, S. A;
Kuczkowski, R. L.; Stanton, J. FJ, Am. Chem. So001, 123 12 353~
12 363.

(41) (a) Balle, T. J.; Flygare, W. HRev. Sci. Instrum1981, 52, 33. (b)
Hillig, K. W., II; Matos, J.; Scioly, A.; Kuczkowski, R. LJ. Phys. Chem
1989 93, 3456. (c) Grabow, J.-U., Ph.D. Thesis, University of Kiel, 1992.

(42) For the normal isotopic species, the following three transitions were
not seen consistently enough or sufficiently intense to consider them

J. Phys. Chem. A, Vol. 106, No. 50, 2002115

rigorously confirmed: Bs-514, 12 651.353 MHz; 2-3p3, 6942.775 MHz;
313-4os, 12 202.248 MHz.

(43) In the search for th€Cpear the HSPECiES, three possible transitions
were observed (in MHz): ¢1-110, 8025.460; 2,-211, 8572.372; Gb-111,

12 087.170.

(44) The three transitions in ref 43 give plausible rotational constants

MHz) of A= 10 056.31B = 2551.61,C = 2030.85, and\i¢ = 0.53 amu

2. These compare well with the predicted values fromRhét in Table
4, column 2 of 10 056.31, 2551.72, and 2031.03 (with an inertial defect
estimate of 0.520 amu %

(45) Bohn, R. K.; Hillig, K. W., II; Kuczkowski, R. LJ. Phys. Chem
1989 93, 3456.

(46) Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J.; Bartlett,
R. R.Int. J. Quantum Chenl992 S26 879.

(47) Purvis, G. D., lll.; Bartlett, R. 1. Chem. Phys1982 76, 1910.

(48) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
Chem. Phys. Lettl989 157, 479.

(49) Peterson, K. A., personal communication.

(50) Kendall, R. A.; Dunning, T. H., Jr.; Harrison R.Jl.Chem Phys
1992 46, 6796.

(51) Allen, W. D.; Yamaguchi, Y.; Csza, A. G.; Clabo, D. A, Jr,;
Remington, R. B.; Schaefer, H. F., [IChem. Phys199Q 145 427.

(52) Clabo, D. A.; Allen, W. D.; Remington, R. B.; Yamaguchi, Y.;
Schaefer, H. F., IlIChem. Phys1988 123 187.

(53) Botschwina, P.; Horn, M.; Seeger, S.; §ée, JChem. Phys. Lett
1992 195, 427.

(54) McCarthy, M. C.; Gottlieb, C. A.; Thaddeus, P.; Horn, M;
Botschwina, PJ. Chem. Phys1995 103 7820.

(55) Stanton, J. F.; Lopreore, C. L.; Gauss].Xhem. Physl998 108
7190.

(56) Gauss, J.; Stanton, J. Ehem. Phys. Lettl997, 276, 70.

(57) Schneider, W.; Thiel, WChem. Phys. Lettl989 157, 367.

(58) Mills, I. M. Vibration—Rotation Structure in Asymmetric- and
Symmetric-Top Molecules. IMolecular Spectroscopy: Modern Research
Rao, K. N., Matthews, C. W., Eds.; Academic Press: New York, 1972;
Vol. 1, p 115.

(59) Schwendeman, R. H. I@ritical Evaluation of Chemical and
Physical Structural InformatignLide, D. R., Paul, M. A., Eds.; National
Academy of Sciences: Washington, DC, 1974.

(60) Al = Iy(obsd)— Ix(calcd) wherdy(obsd) is one of the ground state
or equilibrium moments of inertia arigcalcd) is the value for the structure
obtained from the least-squares fitting analysis. Fitting programs use
equations either for the moments of inertia or the rotational constants; these
give virtually identical resultsl§A = 505 379.05 amu A etc.). The STRFIT/
STRFITQ program usekss.

(61) Colorless crystals of bis(phenylethynyl) sulfide were obtained by
cooling a solution of 3 mg in 1 mL of ethanol with 0.1 mL of watertd0
°C for 16 h. Crystal data for bis(phenylethynyl) sulfide: colorless plates,
0.38 x 0.34 x 0.08 mm (cut from a larger mass), triclinic, space group
P-1,a=8.830(2) A,b=11.296(3) Ac = 12.947(3) Ao = 91.747&17,

B =103.129(4), y = 105.872(4), V = 1203.8(5) B, 1 = 0.710 73 A Z

= 4,Dc = 1.293 mg m?3; u(Mo Ka) = 0.240 mnT%; @ scans, Bmax =
54.39; T = 153(2) K.; 11 013 reflns collected, 5253 independéy: &
0.0251) included in the refinement. Data were processed and corrected for
absorption (SADABS, TmafTmin = 0.977/0.929), and full matrix least-
squares refinement based BAwas carried out (SHELXTL, v. 5.10R1

= 0.0470,wR2 = 0.0974 for all data; convention&l = 0.0370 computed

for 5253 data I( > 20(1)) with O restraints and 387 parameters. All non-
hydrogen atoms were refined anisotropically with the hydrogen atoms
located on a difference Fourier map and allowed to refine isotropically.
Crystallographic data (excluding structure factors) for bis(phenylethynyl)
sulfide have been deposited with the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, U.K. (deposition number
CCDC 190812).

(62) Cambridge Crystallographic Data Bas&ambridge University.

(63) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Zakrzewski, V. G.; Montgomery, J. A.; Stratmann, R. E.; Burant, J. C;
Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.;
Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.;
Pompelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala,
P.Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stevanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, Johnson, B. G.; Chen, W.; Wong,
M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A.
Gaussian 98\WRevision A.6; Gaussian Inc.; Pittsburgh, PA, 1998.

(64) Demaison, J.; Wlodarczak, G.;"&y H.; Wiedenmann, K. H.;
Rudolph, H. D.J. Mol. Struct 1996 376, 399.

(65) (a) Pierce, L.; Hayashi, MJ. Chem. Phys1961 35, 479. (b)
Dreizler, H.; Rudolph, H. DZ. Naturforsch 1962 17a 712.

(66) Johnson, D. R.; Powell, F. X.; Kirchhoff, W. H. Mol. Spectrosc
1971 39, 136.



12116 J. Phys. Chem. A, Vol. 106, No. 50, 2002 Matzger et al.

(67) den Engelsen, Ol. Mol. Spectrosc1969 30, 474. (69) Rozsondai, B.; Horfth, Z. E.J. Chem. Soc., Perkin Trarg 1993
(68) Beagley, B.; Ulbrecht, V.; Katsumata, S.; Lloyd, D. R.; Connor, J. 1175
A.; Hudson, G. AJ. Chem. Soc., Faraday Trans, 2977, 73, 1278. (70) Lister, D. G.; Palmieri, PJ. Mol. Struct 1976 32, 355.



