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Th e w eak l y bound van der Waal s dimer betw een a mole cule of cyano -
acetylene and an argon atom w as observed by rotational sp ectroscopy of su-

p ersonic expansion . C yanoacetylene was generated i n si t u f rom vinyl cyanide
precursor by means of a high voltage discharge j ust dow nstream of the expan-
sion nozzle. Both b

R - and b
Q -typ e rotational transition s w ere measured and

rotational , centrif ugal distortion , and nuclear quadrup ole splitting constants

w ere determined. A nalysis of the data show s that ground state geometry of
the dimer is characterised by R cm = 3 : 65 ¡A and ˚ = 9 4: 9 £ , w ith the A r
atom shif ted from the positi on above the cyanoacetylene centre of mass in

the direction of the C N group.

PAC S numb ers: 33.15.Dj , 33.15.Mt, 33.15.Pw , 33.20.Bx, 36.40.Mr

1. I n t rod uct io n

Pro l i ferati on of high resoluti on spectroscopy of supersoni c expa nsion has
led to a considerable im pro vement in the understa ndi ng of weak interm olecul ar
intera cti ons. Thi s wa s achi eved by observati on and deta i led characteri sati on of
m any smal l interm olecul ar clusters, whi ch is made feasible by the very low ef-
fecti ve tem perature of the expansi on. The m ost valuabl e inf orm ati on is obta ined
by system ati cal fol lowing the pro perti es of j udi ciously selected fami li es of di mers.
For exam ple, studi es of van der W aals di mers between a m olecule and a rare-gas
ato m al low insi ght into the nature of the rather elusi ve dispersive intera cti on.
One pro to typ e series of such clusters is tha t between a rare-gas ato m and a stick
typ e m olecule. Li near dim ers of thi s typ e are observed when the di spersive inter-
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m olecular energy term is augmented by an appreci abl e inducti ve term , otherwi se
the tendency is to form T- typ e cl usters. The latter series, wi th memb ers such as
Ar { CO 2 [1], Ar{ HCCH [2, 3], Ar{ HCCCCH [4], is of parti cul ar interest since i t
al lows moni to ring of changes of several facto rs, especial ly of the inÛuence of the
considerable vi bra ti on-rota ti on ẽ ects on di mer properti es. Some m olecules of in-
terest for such studi es are ei ther di £ cul t to handl e or to obta in, so tha t i n si t u

synthesi s by electri cal discharge or pyro lysis has of ten been the metho d of choice
for thei r observati on. Cyanoacetylene (ethynyl cyani de, HC ² C{ C ² N) is one such
species, for whi ch the rota ti onal spectrum has been inv estigated by synthesi s of
the m olecule in glow electri cal discharge [5]. In tests of a newl y constructed pul sed
di scharge nozzle for the Fouri er tra nsform m icrowave spectrom eter in W arsaw [6]
we used cyanoacetylene as one of test m olecules. Cya noacetylene wa s in fact ob-
ta ined in su£ cientl y large amounts to exp ect tha t observati on of a dim er wi th
an Ar ato m woul d be possible. Af ter a short search the di mer Ar Â Â ÂHCCCN was
identi Ùed at signal to noise su£ cient f or i ts accurate characteri sati on. Detai ls of
thi s investigati on are presented below.

2. E x per i m en t a l

Cya noacetylene was generated from vi nyl cyanide (acryl oni tryl e,
H 2 C =CHC ² N) precurso r by m eans of a newl y constructed pul sed dischargenozzle,
shown in Fi g. 1. No zzle design is based on tha t reported by the Tha ddeus group [7],
a vari ant of whi ch was used also in the Ki el laborato ry [8]. Thi s nozzle is opti mised
for observati on of stable and m etastable pro ducts of the discharge reacti ons and
is equi pped wi th a long reacti on channel downstrea m of the discharge region. Our
vari ant is m odi Ùed in the di recti on of modular constructi on allowing easy assem-
bl y, cleani ng and m odi Ùcati on by changing electrode and insul ato r m odul es.These
are held to gether by a m etal end plate connected by threa ded rods di rectl y to the
baseplate of the Series 9 General Valve nozzle of the spectro meter. Self-centeri ng
and addi ti onal insul ati on are achi eved by recessing the electrodes into suita bl y
m achi ned teÛon insul ato rs. The electro des are 3 mm copp er disks and, as in [8],
positi ve polari sati on of the high vol ta ge electrode was found to be m ore e£ cient,
in our case m ainl y because of less interf erence wi th the microwave electronics of
the spectrom eter. Best results were obta ined when argon carri er at 4 atm backing
pressure was passedover a test tub e conta ini ng acryl oni tri le at room tem perature,
and pul sed at 2{ 3 Hz. The di scharge vo l ta gewa s 800{ 900 V, and the power suppl y
wa s connected to the high vol ta ge electro de thro ugh a 5 k¨ series resistor. The
nozzle was operated as part of the pul sed supersonic expansi on, cavi ty- Fouri er
tra nsform m icrowave (FT MW ) spectrom eter described in deta i l in [6]. The spec-
tro m eter has most recentl y been used to investigate the cam phor m olecule [9],
weakl y bound tri m ers Ar 2 HBr [10] and (H 2 O) 2 HBr [11], and is equipped wi th a
novel Stark electro de arra ngement for di pole m oment m easurem ents [12, 13].
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Fig. 1. T he modular pulsed discharge nozzle used for observation of the rotational

spectrum of A r Â Â ÂH CC C N by electrical discharge through an acrylonitri le/ A r mixture.

T he tw o electro des are 3 mm thick copper disks and the expansi on diameters are 0.5 mm

in the valve b ody, 1 mm in the Ùrst insulator, 3 mm in the high voltage electro de, and

5 mm dow nstream of it. T he stack of electro de and insul ator plates is attached to the

baseplate of a standard General Valve Series 9 pulsed valve by four mo diÙed 4 mm

diameter screws.

Acryl oni tri le was selected as a precurso r since the route to cyanoacetyl ene
is by sim ply stri ppi ng o˜ a hydro gen molecule across the CC doubl e bond. In
thi s wa y it wa s also possibl e to avoid using HCN, whi ch is a com ponent of the
m ore tra di ti onal HCCH/ HCN discharge m ixture for pro duci ng HCCCN [14, 5]. In
fact, our discharge was found to be su£ cientl y e£ cient for the emission signal of
cyanoacetyl ene to satura te the detecti on electro nics. A m easure of i ts intensi ty was
tha t the l ines of the three singly substi tuted 1 3 C isoto pomers of cyanoacetyl ene
[15] were observed at intensi ty corresp ondi ng to tha t of the 1 8 OCS isotopom er
in an expa nsion m ixture made up using OCS gas. Thus the signal of the par-
ent isoto pom er of cyanoacetyl ene was estimated to be onl y 3{ 4 ti mes weaker tha n
tha t of OCS. The di scharge condi ti ons used for cyanoacetyl ene allowed observati on
also of a very large num ber of other reacti on pro ducts, such as HCCNC, HC 5 N,
HC 7 N, and HC 9 N, at appro xi mate relati ve intensi ti es of 170:370:70:10, respec-
ti vel y. The signal of the kno wn weakl y bound di mer Ar Â Â ÂHCN [16] resulti ng f rom
the discharge was also obta ined at a level exceeding tha t of HC 5 N. R ather disap-
pointi ng ly we found tha t the Sta rk e˜ect m easurements at these condi ti ons were
not possible. It turned out tha t for a given appl ied electri c Ùeld the Sta rk shifts
were reduced by at least tw o orders of m agni tude. The m ost l ikel y expl anati on is
tha t the large numb er of charged species pro duced in the discharge screens the
m olecules from the externa l electri c Ùeld. Attem pts to neutra lise the expa nsion by
passing i t thro ugh addi ti onal grounded mesh electro des were not successful .

3. R ot at i onal spect r um

The rota ti onal spectrum was searched for using predi cti ons based on T- typ e
geometry di scussed below. The dipole m oment of the com plex is expected to be
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alm ost compl etely due to the monomer m oment of cyanoacetyl ene. Since thi s is at
a smal l angle to the b inerti al axi s, ñ b -typ e rota ti onal tra nsiti ons are exp ected to
be dominant, wi th som e possibi l i ty for much weaker ñ a -al lowed tra nsiti ons. Onl y
ñ b - tra nsi ti ons of the com plex coul d in fact be observed, and tho se were assigned
on the basis of the associated ni tro gen nucl ear quadrup ole hyp erÙne spli tti ng pat-
terns. Al to gether 14 di ˜erent b R - typ e and 6 b Q - typ e tra nsiti ons were m easured,
as summarised in T able I.

T ABL E I
T he observed [MH z] and the observed { calcula ted [kH z] rotational
transition frequencies for A r Â Â ÂH C CC N .

J
0

K
0

À 1 K
0

+1 ê J
00

K
00

À 1 K
00

F
0

F
00 obs. o. { c.

1 1 1 0 0 0 1 1 5872.3100 {0. 6

2 1 5873.5730 2.8

0 1 5875.4600 0.2

2 1 2 1 0 1 2 1 : {0. 2

2 2 8339.3147 {0. 2

1 1 8339.7847 {0. 8

3 2 8340.0097 {0. 1

2 2 1 1 1 0 2 1 15150. 6194 0.1

2 2 15151. 2665 {1. 2

1 1 15151. 6370 {0. 7

3 2 15151. 9241 1.9

1 0 15153. 2574 {1. 5

2 2 0 1 1 1 1 0 15667. 9488 1.4

2 2 15669. 0575 {1. 1

3 2 15669. 5612 2.3

2 1 15670. 3192 1.0

1 1 15671. 0943 {2. 3

3 0 3 2 1 2 4 3 6076.9766 {0. 2

3 2 6077.9643 1.5

3 1 3 2 0 2 3 2 10592. 2323 {0. 1

3 3 10592. 7322 {0. 5

2 2 10593. 0394 0.5

4 3 10593. 3312 1.4

2 1 10593. 8168 {0. 3

3 2 2 2 1 1 3 2 17613. 7698 {0. 8

4 3 17615. 1202 0.3

2 1 17615. 8700 0.4

4 0 4 3 1 3 3 2 9261.8134 0.5

5 4 9262.0297 0.3

4 3 9262.6533 0.2
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TABLE I (cont. )

J 0 K 0

À 1 K 0

+1 ê J 00 K 00

À 1 K 00

+1 F 0 F 00 obs. o. { c.

4 1 4 ê 3 0 3 4 3 12699. 4294 0.5

4 4 12699. 7153 {4. 7

3 3 12700. 1903 {1. 3

4 1 4 ê 3 0 3 5 4 12700. 3285 2.0

3 2 12700. 5839 {0. 8

5 0 5 ê 4 1 4 4 3 12341. 3830 {1. 4

6 5 12341. 4891 {0. 7

5 4 12341. 8554 {0. 6

5 1 5 ê 4 0 4 5 4 14753. 4639 1.0

6 5 14754. 1468 1.9

4 3 14754. 2870 1.2

6 0 6 ê 5 1 5 7 6 15270. 1934 2.7

6 5 15270. 3732 {1. 7

6 1 6 5 0 5 6 5 16842. 0443 {2. 8

7 6 16842. 5288 1.6

6 1 5 5 2 4 5 4 12219. 4890 {2. 3

7 6 12219. 6474 0.7

6 5 12220. 6342 1.8

2 2 0 2 1 1 2 2 8867.5266 0.1

3 3 8869.3792 2.8

1 1 8870.4036 {0. 7

2 2 1 2 1 2 3 3 10218. 0005 {1. 6

2 2 10218. 0408 {1. 6

3 2 1 3 1 2 3 3 8399.7303 0.4

4 4 8400.8584 1.6

2 2 8401.2499 {1. 5

3 2 2 3 1 3 2 2 10944. 7253 0.5

4 4 10944. 9346 0.5

3 3 10945. 5318 0.3

4 2 2 4 1 3 4 4 8015.3145 {0. 2

5 5 8015.9363 2.2

3 3 8016.0909 {2. 5

4 2 3 4 1 4 3 3 11926. 1676 1.6

5 5 11926. 3831 0.3

4 4 11927. 2264 {2. 0

The tra nsi ti ons of the com plex were endowed wi th the usual D oppl er-doubl ed
l ine shape, as shown in Fi g. 2, and the l ine shape wa s com parable to tha t for com -
pl exesobta ined in conven ti onal manner. The m easured tra nsiti on frequenci es were
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Fig. 2. T he b- typ e 50 5 ê 41 4 rotational transition of A r Â Â ÂH C C C N observed on electri-

cal discharge through an expanding acryloni tril e/A r mixture. The displa yed spectrum

results from averaging time- domain interf erograms obtained for 240 gas pulses, each

of which w as prob ed with 9 microw ave pulses. T w o comp onents of the 14 N hyp erÙne

structure are visibl e, both of w hich are subj ect to the Doppler doublin g characteristic

of unskimmed supersonic expansion .

TABLE I I

Spectroscopic constants determined for A r Â Â ÂH CC C N .

A [MH z] 4639. 9 36 7 0( 82 )
a Â i

b
[u¡A 2 ] 3.66374(9)

B [MH z] 1700.70074(19) Â q
c [MH z ] 8.46(12)

C [MH z] 1233.40667(23)

â a a [MH z] 2.0367(11)

Â J [kH z] 11.4136(40) â b b [MH z] 4.1989(12)

Â J K [kH z] 168.65(10) â cc [MH z] 2.1623(12)

Â K [kH z] 151 .34(15)

£ J [kH z] 3.2344(22) N li n es
d 65

£K [kH z] 117.66(12) ¥ Ù t
e [kH z] 1.48

H J K [H z] 16 .6(32)

H K J [H z] 118.3(93)
a T he quantities in parentheses are standard errors in units of

the least signiÙcant digit of the value of the constant.
b I nertia defect, Â i = I c I a I b .
c Quartic defect, Â q = 4C Â J ( B C ) Â J K 2(2 A + B + C ) £ J

+ 2( B C ) £K .
d T he numb er of Ùtted hyp erÙne comp onents.
e Standard deviation of Ùt.
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Ùtted using Pi ckett 's program SPFIT [17] wi th constants in a standard Ha mi l to -
ni an, consi sting of W atson' s A -reduced asym metri c roto r term [18] and a sing le
spi n nucl ear quadrup ole spli tti ng term . The resulti ng parameters are l isted in T a-
bl e I I and the overal l devi ati on of Ùt is seen to be wel l wi thi n the nominal 2 kHz
frequency accura cy of the spectrom eter.

Two sexti c consta nts were necessary to Ùt the spectrum to thi s accuracy
and point to a hi gh degree of vi brati on-rota ti on contri buti on from large am pl i -
tude m oti ons. Ano ther measure of such contri buti ons are inerti al and quarti c de-
fects, Â i and Â q , whi ch shoul d be zero for a vi brati onless planar m olecule. Both
defects are not di ssim i lar f rom tho se for Ar Â Â ÂHCCCCH [4], f or whi ch they are
Â i = 3:4162( 10) u¡A 2 and Â q = 4:1( 7) MHz 2 . Ano ther point of ref erence is
pro vi ded by Ar 2 HBr [10], for whi ch the inerti al defect is somewhat greater at
4.5905(12) u¡A 2 , but the quarti c defect of 0.225(11) MHz 2 i s an order of magni -
tude smal ler.

The measured nucl ear quadrup ole spl i tti ng constants for the 1 4 N nucl eus in
compl exed cyanoacetyl ene are, in the Ùrst appro xi mati on, exp ected to di ˜er f rom
tho se of the free molecul e onl y due to i ts di ˜erent ori entati on in the inerti al fram e
(cf . Fi g. 3). If thi s were the case then â : MHz in the com plex
should be com parabl e to â : in cyanoacetyl ene m onomer, and
these tw o values are indeed pra cti cal ly identi cal . The values of â and â in
the com plex shoul d then be obta inabl e by rota ti on of the nucl ear quadrup ole
spl itti ng tensor of the HCCCN m olecule to i ts ori enta ti on in the ab pl ane of the
compl ex. Rota ti on by the angle ˚ : between the b inerti al axi s of the
compl ex and the C axi s of cyanoacetyl ene, leads to â : ; â : ;

â : MHz. These valuesare identi cal wi th tho sedeterm ined for the com plex
conÙrming tha t there are no appreci able vi brati onal avera ging e˜ects in pl ay. Thi s
degree of rota ti on also corresp onds to â : MHz, but in the present case the
sensiti vi ty of tra nsiti on frequenci es to thi s constant is to o small for i ts exp erimenta l
determ inati on.

D eterm inati on of rel iabl e m olecular geometry for such a Ûoppy dim er is
sti l l a chal lenge, al tho ugh several useful pro cedures for minim ising the e˜ects of
hi gh-ampli tude moti ons on the determ ined geometry have been developed. Since
the rota ti onal spectrum is onl y of b-typ e character the dim er has to be of T- typ e
geometry , as shown in Fi g. 3. It has to be pl anar, and i f i t is assumed tha t the
geometry of cyanoacetyl ene is not changed on com plexati on then only two struc-
tura l param eters are to be determ ined. These are the separati on R between the
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Fig. 3. The geometry of Ar Â Â ÂH C CC N and its orientation in the inertial axes. T he

centre of mass of cyanoacetylene is almost coincid ent w ith the C {C bond centre.

Ar ato m and centre of mass of cyanoacetyl ene, and the associated bend angle ˚ . It
has previ ously been shown [1] tha t the rota ti onal constant C i s to be pref erred for
determ inati on of R c m since i t is insensiti ve to e˜ects connected wi th the angular
ori enta ti on of cyanoacetyl ene. For Ar Â Â ÂHCCCN the experim ental value of C f rom
T able I I and the use of the HCCCN geom etry from [19] lead to R cm = 3:651 ¡A.
The angular ori entati on of the cyanoacetyl enem olecule was establ ished in the pre-
ceding section, and the quadrup olar angle ˚ z b = 7 : 6 3 £ corresp onds to ˚ = 9 4 : 9 5

or : . Because of the sym metry of the inerti al el lipsoid i t is not possibl e to
di stinguish between the two soluti ons on the basis of inerti al inf orm ati on f or a
sing le isoto pom er. Selection of one of these soluti ons was made using ab initi o cal-
cul ati ons, whi ch consistentl y predi cted ˚ > , tha t is Ar ato m shifted to wards
the ni tri le group. The MP2 / aug-cc-pVD Z level of calculati on [20] has been found
to be of useful diagnosti c value f or Ar com plexes [10], and for Ar HCCCN thi s
yi elds ˚ : . Thi s di recti on of shift of the Ar ato m is an expected result since
i t wi l l increa se the inducti ve term between the Ar ato m and the hi ghly polari sed
C N group. Thus the pref erred geom etry for Ar HCCCN is R 3:65 ¡A and
˚ : , and both values result f rom pro cedures whi ch ha ve been demonstra ted
to be largely f ree from vi brati onal e˜ects . For compari son, the standard r geom -
etry Ùtted to al l three rota ti onal constants using the pro grams from the PR OSPE
websi te [21] is R 3:643 11 ¡A and ˚ : , where the large errors are
the consequence of the large inerti a defect.

Al tho ugh the use of electri c discharge to pro duce unsta ble and metastable
m olecules is well establ ished, the observati on of interm olecular com plexes of mole-
cul es produced in such way is rather less com mon. In the present inv estigati on
we were abl e to observe, by usi ng a single acryl oni tri le precurso r, two di ˜erent
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T ABLE I I I

C omparison of selected prop erties for several T -typ e dimers betw een an
A r atom and a stick- typ e molecule.

A r À H CC H a A r À H C CC N b A rÀ H C C CC H c A rÀ CO 2
d

R cm
e [¡A ] 4.04 3.65 3. 68 3.50

f ¥ [N m À 1 ] 1.05 1.55 1. 64 1.74

Â i [u¡A 2 ] 17 : 97 3.66 3. 42 2.89
a Ref. [3]. bT his w ork. c Ref . [4]. d Ref. [1] . e Ev aluated from the C rota-
tional constant.

compl exes between a m olecule pro duced in the discharge and ato m of the carri er
gas: Ar HCN and Ar HCCCN. The rota ti onal spectrum of Ar HCCCN was
su£ cientl y intense for i ts Ùrst characteri sati on. A com pari son of som e properti es of
T- typ e com plexes between Ar and sti ck- typ e molecules wi th centra l carb on ato ms
is m ade in Tabl e I I I.

The stretchi ng constant f between the Ar ato m and the com pl exed m olecule
wa s evaluated from the Â centri fugal di storti on consta nt by using the enhanced
di ato mic appro xi ma ti on [22]. It can be seen tha t the compl exes conf orm to the
exp ected inverse proporti onal i ty between separati on and force constant, i .e. the
larger the f orce constant the smal ler the Ar molecule di stance. Neverthel ess, since
three of the com plexes in T able I I I have a C sym m etry axi s and Ar HCCCN
does not, the value of R i s not expected to be a very preci se indicato r of rel -
ati ve bindi ng streng th. It can be seen, however, tha t relati ve values of f and
of the inerti a defect for the four di m ers are consistent wi th bindi ng streng th in-
creasing from the left to the ri ght side of Tabl e II I. Both f and Â indi cate
tha t Ar HCCCN is somewha t weaker tha n Ar HCCCCH, and thi s is con-
Ùrmed by the MP2 / aug-cc-pVD Z bi nding energies. Appl icati on of the counter-
poise correcti on [23] leads to D 190 cm for Ar HCCCN and 200 cm for
Ar HCCCCH. Irresp ecti ve of the possible inducti ve com ponent in the intera c-
ti on energy for Ar HCCCN these energies are consi stent wi th the pi cture of a
dom inant dispersive energy component, as predi cted for exam ple by the simpl e
di stri buted polarisabi l it y m odel [24], in whi ch the ato m ic polari sabi l i ty of ni tro gen
is smal ler tha n tha t of carb on.

Fi nanci al supp ort from the Insti tute of Physi cs and f rom the Sta te Com mit-
tee f or Scienti Ùc Research, grant KBN- 3T0 9A- 126-17 is grateful ly acknowledg ed.

It has just come to the autho rs' attenti on tha t another study of Ar{ HCCCN
has been compl eted in the laborato ry of D r. W olf gang J�ager (Edm onto n, Canada),
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to be publ ished in Jour nal of Chemi cal Physi cs. The Edm onto n inv estigati on used
chemical ly synthesi sed HCCCN. The two studi es independentl y reach sim ilar con-
cl usions on the nature of Ar{ HCCCN and thei r results are in many ways com ple-
m enta ry.
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