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Detection and Characterization of the 
Cumulene Carbenes H2C5 and H2C, 

M. C. McCarthy," M. J. Travers, A. Kovacs, Wei Chen, 
Stewart E. Novick, C. A. Gottlieb, P. Thaddeus 

Two cumulene carbenes, H2C, and H2C,, were detected in a supersonic molecular beam 
by Fourier transform microwave spectroscopy. Their rotational and leading centrifugal 
distortion constants were determined with high accuracy, such that the entire radio 
spectrum can now be calculated. Like the known carbenes H2C, and H2C,, both 
molecules have singlet electronic ground states and linear carbon-chain backbones. 
They can be produced in sufficiently high concentrations in the laboratory that their 
electronic spectra, expected to lie in the visible, should be readily detectable by laser 
spectroscopy. The microwave spectra of other, more exotic isomers may be detectable 
as well. 

Carbenes are highly reactive organic mol- 
ecules with two nonbonded electrons local- 
ized on a single C atom. They are important 
intermediates in terrestrial chemistry, and 
several have now been detected in the in- 
terstellar gas or in circulllstellar shells (1  ). 
Of uarticular interest in both combustion 
processes and astrochemistry are the cu- 
lnulene carbene chains H2C=(C=),,C:, 
xhich may be important building blocks in 
the santheses of lone hadrocarbons and 
pure c chains implicayed in the formation 
of fullerenes (2 ) .  Like organic dyes, cu- 
lnulene carbelles are likely to have intense 
ontical electronic transitions, \vhich mav 
provide a povierful and convenient way to 
monitor combustion nrocesses, and they are 
promising candidates for carriers of the in- 
terstellar optical diffuse bands, the identifi- 
cation of xhicll constitutes one of the out- 
standing unsolved problems in astrollolnical 
spectroscopy (3) .  Gas phase studies that 

establish the eeometric and electronic " 
structure of such C chain carbenes are es- 
sential if n.e are to understand their chem- 
ical reactivities (4), but few have been stud- 
ied spectroscopically because of their high 
reactivity. Although we have recently de- 
tected lone hvdrocarbon radicals and closed 

u ,  

shell cyanopolyynes (for example, C,,H 
and HCI3N) ,  the longest cumulene carbelle 
kno\vn to date is H2CCCC (5). 

By using Fourier transform micro~vave - 
(FTM) spectroscopy (6 )  of a supersonic mo- 
lecular bean1 (Flg. I ) ,  we have n o ~  detected 
the next two lnelnbels of the curnulene 
carbene sequence, HICj (HIC=C=C=C=C., 
pentatetlaenylidene) and H2C, (H2C=C= 
C=C=C=C., hexapelltaenylidelle) . Nine a- 

Stiirciure. Mechan~sm, and B~ochem~str,/ (Plenum , , 
New York, 1986). 
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t \pe R-branch (A] = 1, where J 1s the 
rotational a n g ~ ~ l a r  lnolnentuln quantum 
number) transitions of H,C, and 13 transi- 
t1o1-1~ of H2C0 ivere ~neasured in the fre- 
nuencl ranee from 8 to 23 GH; In both , " 

molecules, the rotational transitions are 
grouped into fairly tight triplets with an 
intensity ratio of appi.oximately 3:2:3 and a 
splitting of about *0.1% of the frequency 
(for example, 2 1 7  MHz at 13.4 GHz for 
H,C,). The  relative intensities are those 

L L,. 

expected at low temperature for a slightly 
asvlnlnetric ton with tn.o eauivalent H at- 
or&, and the' splitting is L quantitative 
agreement with that calculated by scaling 
from the rotational constants of H2C, (7) 
and H2C4 (5). Because of ortho-para spin 
statistics, rotational levels where K ithe 
projection of the rotational angular mo- 
Inentun1 on the C 2  sylnilletry axis) is -C 1, 
ivllich lie about 14 K above the K = 0 levels 
in both carbenes (Fig. 2 ) ,  are metastable. 
Therefore, they are populated in our molec- 
ular beam even tlloueh the rotational tern- " 
perature is only about 3 K. 

We determined suectrosconic constants 
by fitting a theoretical spectrulll calculated 
from a standard asymmetric ton Hamiltoni- 
an (8) to the observed freq;encies. T x o  
rotational constants iB and C)  and tn.o 
centrifugal distortion constants (DJ and 
DJK) were obtained for each carbene (Table 
1) .  Transition frequencies (vi,,-,) for the 
K = C and the two K = -C 1 ladders of each 
can be calculated from the approxiinate 
expression 

Table 1. Spectroscopic constants of H,C, and H,C, (in megaheriz). These rotational and centrifugal 
distortion constants are from a least squares fit of Watson's S-reduced Hamltonlan. The root mean 
square (3 kHz) of the fits is comparable to the measurement uncertainties. Uncertainties ( l a )  are In units 
of the last signifcant digit. 

M. C.  McCarthy, M. J. Travers, P. Thaddeus, Dlvlslon of 
Engneerng and Apped  Scences, Havard Universty 
29 Oxford Street Cambridge, MA 021 38, USA, and Har- 
vard-Smitthson~an Center for Astropthyscs, 60 Garden 
Street, Cambridge, MA 021 38, USA. 
A. Kovacs and C. A. Got teb,  Divs'on of Engneerng and 
Auolted Scences. Havard Universtv. 29 Oxford Street. 
Ckmbrldge, MA 02138, USA 
W. Chen and S. E. Nov~ck. Department of Chemsstv, 
Weseyan Unversty, Mddetown, CT 06459. USA 

H,CZ HzC, 
Constant - ~ 

Laboratow Expected" Laboratory Expected' 

A 277,600t 287.600 268.400i 286,100 
B 2,304.7844(3) 2,304(5) 1,348.0891 (1) 1.345(2) 
C 2,285.8053(3) 2.285(5) 1,341.3519(1) 1,341 (2) 
D", x 1 o3 0.1 04(6) 0.088: 0.0283(12) 0.0353s 
D~~ 0.0464(2) 0.01 64(1) 
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-From (70) :Derved assumng a planar structure, that IS, 1/C - IIA - 115 = 0, $From (271 $From (28) 
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\vhere SK,' is a Kronecker delta and c (a 
l lu lner ical  constant) is 32 for K = + 1 and 8 
for K = 0. Th is  expression contains on l y  
the  leading terms in the power series expan- 
s ion o f  Polo (9). T h e  frequencies agree w i t h  
those calculated f rom the truncated asym- 
met r ic  top  Ha ln i l t on ian  t o  w i t h i n  0.4 km 
spl u p  t o  300 GHz;  at  t ha t  frequency, ne-  
glect o f  the  higher order c e l ~ t r i f i ~ g a l  distor- 
t i o n  terms in the Ha ln i l t on ian  introduces 

a n  uncertainty o f  5 1 km s-'. T h e  rotat ion- 
a l  constants o f  HICj and HIC, are n.ithin 
0.259" o f  those calculated f rom ab i n i t i o  
equi l ibr ium geolnetries o f  Maluendes and 
McLean  (1  L") slid h igh- leve l  (coupled clus- 
ter theory) equi l ibr ium geometries o f  
Botschwina (1  1) .  T h e  distort ion constants 
D, are in good agreement w i t h  those o f  
other species w i t h  similar struct~ure and  size. 
Further evidence for the  ide l~ t i f i ca t ions  o f  
the  lllolecules was obtained in a deuterium- 
enr iched discharge, where the rotat ional  
spectra o f  D,Cj (Fig. 3) and  D2C, viere 
obser\~ed. T h e i r  rotat ional  constants are 
those predicted by  scaling f r om the normal  
s~ecies,  and the c o m ~ o n e n t s  o f  the  rota- 
t iona l  tr iplets n o w  have a n  intensi ty rat io o f  
1: 4:1, as expected for a molecule hav ing  

T L  pulse 
sequence 

Fig. 1. The Fourler transform m~crowave spectrometer A pulsed superson~c molecular beam of elther 
d u t e  dacetylene (1 %) or acetylene (1 %) In Ne or In Ar IS produced by a commercal solenod valve 
(dlameter 1 mm) operated by a pulse drlver (General Valve) As the beam expands through the nozzle In 
one of the mrrors of the Fabry-Perot confocal cavity a 1050-V dscharge IS apped synchronously wth  the 
390-ps-long gas pulse the dscharge source conslsts of alternating layers of Cu electrodes and Teflon 
nsulators At a pressure of the mlxture behlnd the pulsed valve of 2 atm, the dscharge In the nozzle throat 
was stable and the rotat~onal temperature of the molecules downstream In the superson~c beam was only 
a few kevn  The product~on of H,C3 and H,C, In our spectrometer IS smllar to that recently used for the 
C-chaln radcals C,H through C,, H (29) As In the case of the C chaln radcals, dacetylene yelded stronger 
slgnals than acetylene by about afactor of 2 As the molecular beam traverses the hghly refectlve confocal 
catity (70 cm long and 36 cm In dameter) the molecules are rradlated with a short (1 ps) microwave pulse 
at a frequency V, such that V, - v 5 A d 2  where AV IS the full wdth at half helght when the Fabry-Perot 
IS tuned to the resonant frequency at v (that IS v, e s  w t h n  the bandwidth of the ca\ilty) The subsequent 
free-nductlon decay IS detected w~ th  a superheterodyne recelver The Fourler transform of the free 
nduct~on ylelds the power spectrum, whch IS then dsplayed as a frequency offset from the pump 
frequency v, The vacuum charnber was mantaned at a background pressure of l o - "  torr w~th  a dffuson 
pump 14 Inches In dlameter (8000 Ilter/s Varan) backed by a dual-stage mechanca pump (1 4 ter/s 
Leybod) typca transent pressures were 5 x 1 0-5 torr at the 2-Hz repettlon rate of the nozzle Helmholtz 
c o s  were used to cancel Eanh s magnetc fled to wlthn ~ 3 %  

M 
Disolav 

t n o  equivalent bosons, each o f  spin 1 (12). 
B o t h  cu lnu le l~e carlienes were observed 

in singlet electronic states, the  same spin 
mul t ip l i c i ty  as found for the  shorter chains 
H2C, (7) and  H,C, (5). T h e  ro ta t iona l  
spectra o f  HzCj and  H2C, are consistent 
w i t h  l inear C backbones, and, al though 
sinall denartires f r om linearit\; are d i f f i cu l t  

0 to t90 dB 1 

t o  detec; spectroscopically, ill the present 
case s ~ c h  departures must be small. T h e  

Computer 

Fig. 2. Rotatonal energy levels of H,C, atid H,C, 
The arrows ndcate  measured transtons The en- 
ergy scale IS glllen In both frequency (Ell1 left) and 
temperature (Elk rlght) where E IS energy 11 IS the 
Panck constant and k IS the Boltzmann constant 
The transltlons are grouped Into closely spaced 
trplets a haw the same J ,  but each orlglnates 
from a different K ellel (one from K = 0 and tvio 
from K = ?I) The frequency spaclng between 
the llnes IS determined by the asymmetty doubl~ng 
In the K = -t l  ladder 

Low-pass 
filter 

Fig. 3. Rotat~onal trans~t~on of D,C5 at v, = 

8452.440 MHz. showlng evidence for partlay re- 
solved deuter~um quadrupole hyperi~ne structure 
The double-peaked lne shape is the result of the 
Doppler sh~ft of the tvio travel~ng waves that com- 
pose the confocal mode of the Fabry-Perot cavlty 
wlth respect to the molecular beam. Ths spectrum 
was obtalned vl11th an ntegratlon tlme of about 2 mln. 
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strongest evidence is that the A rotational 
constants of H,C, and H,C6 are within 4% 
&those of H2C3 (7) and H,C4 (5). Any 
bend or zigzag in the chain lowers A by 
displacing C atoms from the least principal 
axis of inertia: distortions bv more than 

same elemental formula (for example, HC4H 
and H,C4) and branching ratios are not 
known, the roles they play as intermediates 
retnain unclear. Better understanding of the 

tiphoton ionization spectroscopy. 
It is likelv that longer cumulene car- - 

benes can be observed at both mlcrou7ave 
and ont~cal aavelenoths. The sensltlvltv - 

structure and chemical properties of carbene 
chains should clarify their role in comb~~stion. 

Both H2C3 and H2C4 were i~ntnediately 
discovered in soace after laboratory detec- 

- 
of our FTIvl spectrotneter is still quite far 
from its theoretical limit: refinements in 

about 4" wouli lower A unadceptably, the 
exact limit denendine on the nature of the 

the microwave receiver and in the produc- 
tion of reactive tnolecules, for examnle, - 

assutned departure from linearity. Although 
expected on the basis of the valence struc- 
tures, this is an interesting detnonstration, 
because at least one similar molecule, 
H,CCCO, is apparently bent (1 3), and in 
H,C3 and H2C4 the C-C-C bending po- 
tentials are quite shallow (14, 15). 

tion; the carbenes described here lnay thus 
also be of interest in radio astronomy. Their 
calculated dipole moments ( l o ) ,  5.9 D for 
H,C, and 6.2 D for H,C6, are extretnely 
large for hydrocarbons and even large cotn- 

may improve the sensitivity by an order of 
magnitude or more, which should be ade- 
quate to detect at least H2C7 and H2Cs 

Note added in proof On the basis of the 
laboratory data here, H2C6 has just been 
detected in the astronomical source TIvlC-1 
(26). 

pared to the values for other polar C chains 
of the satne length (Fig. 4) ,  several of which 

By analogy with shorter members of the 
sequence, it tnight be expected that iso- 
mers of H,C, and H,C6 can be found that 
are comparable in energy or even more 
stable than the carbenes described here. 
The rotational spectrum of H,C4 is readily 
observed, even though this carbene has 
been calculated to be higher in energy by 
-2 eV than diacetylene (HC,H) (16). 
The carbene H,C, can be detected with a 

have been detected in astrono~nical sources. 
At co~nparable abundances, H2Cj and 
H,C6 should therefore be somewhat easier 
to detect. 

Chemical models of interstellar clouds 
(20) oredict that some carbenes are natural 

REFERENCES AND NOTES 

1. P. Thaddeus C. A. Gottl~eb. R Mollaaghababa, J. M. 
Vrtiek, J. Chem. Soc. Faraday Trans. 89. 2125 (1993). 

2 R E. Smalley, Acc. Chem. Res. 25, 98 (1 992). 
3. G. H. Herbg, Annu. Rev. Asiron. Astrophys. 33, 19 

(1 995). 
4 J. W. Kenney Ill, J. S~mons, G. D. PUNIS, R. J. Bart- 

ett, J. Am. Chem. Soc. 100, 6930 (1 978). 
5. T. C. K l a n ,  J. M Vrt~lek. C. A. Gottlieb, E. W. Gott- 

lieb, P. Thaddeus, Astrophys. J. 365, L89 (1990). 
6. T. J. Balle and W. H. Flygare, Rev. Sci. lnstrum. 52, 

33 (1981) 
7. J. M. Vrtek, C. A. Gotteb, E. W. Gottlieb, T. C. 

Killan, P. Thadde~s,  Astrophys. J. 364, L53 (1 990). 
8. J. K. G. Watson. n Wbrational Spectra and Struc- 

ture, J. R. Dur~g, Ed. (Else\~er, New York, 1977), vo .  
6, chap. 1 

9. S. R. Polo, Can. J. Phys. 35, 880 (1957). 
10. S. A. Maluendes and A. D. McLean, Chem. Phys. 

Lett. 200 51 1 (1 992). 
11. P. Botschwina, personal communication. 
12. C. H. Townes and A. L. Schawlow, ivlicrowave 

Spectroscopy (McGraw-Hill, New York, 1955). 
13. R. D. Brown, R. Champion, P. S. Elmes, P. D. God- 

frey, J. Am. Chem. Soc. 107 41 09 (1 985). 
14. C. A. Got teb et a/. ,  J. Chem. Phys, 98, 4478 (1 993). 
15. M. J. Travers et a/., J. Mol. Spectrosc. 180, 75 

(1 996). 
16. M. Oswad and P. Botschwina, ibid. 169, 181 (1 995). 
17. R.  J. McMahon. personal communicaton. 
18. J. A. M le r  and C. F. Melius, Combust. Flame 91 21 

(1 992). 
19. J. H. K~efer et a / . ,  Combust. Sci. Technol. 82, 101 

(1 992). 
20. H.-H. Lee, R. P. A. Bettens, E. Herbst, Astron. As- 

trophys. Suppl. Ser. 11 9, 11 1 (1 996). 
21. J. Cernicharo et a/. ,  Astrophys. J. 368, L39 (1 991). 
22. J. Cernicharo eta/ . ,  ibid., p. L43. 
23. A. E. Douglas, Nature 269, 130 (1 977). 
24. L. Salem, The Molecu:ar Orbital Theoiy of Conjugat- 

ed Systems (Benjamin, Reading, MA, 1992). 
25. J. F. Stanton, J. T. Depinto, R. A. Seb~ rg ,  J. A. 

Hodges R J. McMahon, J. Am. Chem. Soc., in 
press. 

26. W. D. Langer et a/. ,  n preparation. 
27. C. A. Gottl~eb, E W. Gotteb, P. Thaddeus, Astron. 

Astrophys. 164, L5 (1 986). 
28. J. C. Pearson, C. A. Gottlieb, D. R.  Woodward P. 

Thaddeus, ibid. 189, L13 (1 988). 
29. M. C. McCarthy, M. J. Travers, P. Kalmus, C. A. Got- 

t e b ,  P. Thaddeus, Astrophys. J. 467 L125 (1 996). 
30. D. E. Woon, Chem. Phys, Lett 244 45 (1995). 
31 . L. W. Avev], in International Astronomical Union Sym- 

posium 87, Interstellar Molecules, B. H .  Andrew, Ed 
(Redel, Dordrecht, Netherlands, 1980), p. 47. 

32. We thank W.  K!emperer, J. K G. Watson, R. J. 
McMahon, and P. Botschwina for helpful discus- 
sons; S. Palmer for extensve support with eectron- 
ics; and E. W Gotteb for computatonal assistance. 
The work of S.E.N. was supported in part by the NSF 
Experimental Physkal Chemisry Program. 

~ , L  

by-products in the production of more fa- 
tniliar stable molecules bv both ion-mole- 
cule and neutral-neutral reactions. These 
models oredict that carbene chains with an 

L J  

signal-to-noise ratio of >5 in less than 1 s 
of integration time with our FTIvl spec- 

even number of C atotns are more abundant 
than those with an odd number, correctly 
accounting for the H,C4/H,C, ratio in the 
circutnstellar shell of the evolved C star 
IRC+ 10216 (21, 22) and implying that, of 
the two carbenes described here, HzC6 may 
be the most readily detected in astronomi- 
cal sources. A plausible tnechanism that 
could produce it in a dense molecular cloud 
is electron recombination of the C6H,+ ion 
(which tnay be formed in several steps by 

trometer, so other isomers may be readily 
detectable. T a o  interesting CjH, isomers 
can be derived from cyclic C3H2, one by 
substituting the ethynyl radical C,H for an 
H atom, the other by attaching C, to the 
carbene C. In recent quantutn chemical 
calculations, McMahon (1  7) concluded 
that the former structure is more stable by 
-0.5 eV than the cu~nulenic fortn ob- 
served here. 

Carbenes play important roles in the cotn- 
bustion of hydrocarbon fuels and the forma- 
tion of soot and other carbon compounds. In 

reactions of acetylene with protonated acet- 
ylene C2Hit or the acetylene ion C2H,+), 
yielding either H2C6 + H or triacetylene 
IHC,H) + H. 
I U 

In addition to their chemical and astro- 
ohvsical interest. cu~uulene carbenes are 

current kinetic and ther~noche~nical tnodels 
of 02-acetylene-Ar flames, carbenes such as 
singlet and triplet tnethylene are central to 
the formation of larger hydrocarbons, includ- 

A ,  

possible carriers of the diffuse interstellar 
bands, the generally broad, featureless opti- 

ing ones that ultimately lead to rings. CLI- 
~nulene carbenes are probably produced in 

cal absorption lines scattered across the vis- 
ible and infrared snectrum. Carbon chains 
are attractive candidates (23) because they 
constitute well over one-half of the nolv- 

the polymerization of acetylene, but, because 
most chemical models 11 8. 19) do not distin- ~, , 

guish between different isomers with the 
A ,  

atotnic interstellar and circumstellar tnole- 
cules identified to date and are exnected to 
have conjugated structures that should give 
rise to intense electronic transitions (24). 10 -  Curnulenes H,C, - e 

z 8 -  

al 

Detection of the gas-phase electronic spec- 
tra of cumulene chains 5 to 15 C atoms lone 

u 

may provide a crucial test for the C chain 
hypothesis. Ultraviolet absorption spectra of 
matrix-isolated H,C3 have been detected 
(25). We estitnate the concentration of 
H2C6 to be 1 x 10'~nolecules per gas pulse 
in our pulsed discharge beam on the basis of 
calibrations with 1% carbonyl sulfide 
(OCS) in Ar, which means that the elec- 
tronic snectra of the known cumulene car- 

i 
2 4 6 8 10 12 14 
Number of carbon atoms (n) 

Fig. 4. Calculated dipole moment versus chain 
length for the cumuen~c (lo), acetylenc (30), and 
cyanopolyyne (31) C chains. 

benes should be detectable by laser-induced 
fluorescence or resonant enhanced mul- 23 September 1996; accepted 27 November 1996 
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