
Molecular beam infrared spectroscopy of the HCCCN–HCCH
and HCN–HCCCCH van der Waals complexes
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High resolution IR spectra of the linear HCCCN–HCCH and HCN–HCCCCH hydrogen bonded
complexes have been obtained using optothermal detection molecular beam techniques. Two
vibrational bands have been observed for each complex, which correspond to the terminal ‘‘free’’
C–H stretch vibrations~n2! of the cyano units and the hydrogen bonded vibrations~n3! of the
acetylenic CH stretches. For both complexes, accurate molecular constants have been obtained.
Furthermore, predissociation lifetimes for then351 states of the both complexes have been
determined. The results are compared with those of the linear HCN–HCCH complex obtained by
Block et al. @Chem. Phys. 139, 15 ~1989!#. © 1996 American Institute of Physics.
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I. INTRODUCTION

The study of weakly bound complexes provides an i
portant window to the world of intermolecular forces, a
high resolution IR spectroscopy has certainly been one of
most fruitful techniques in this area. During the last deca
or so, a large body of experimental data has been obta
using IR spectroscopy,1–3providing insight into intermolecu-
lar forces and the predissociation dynamics of these c
plexes. Two general aspects of the predissociation pro
are firmly established. The first is that predissociation occ
preferentially to those final states which involve transferr
the least energy into the translational motion of the co
plex’s fragments. This stems from the need to maxim
overlap between the wave function of the molecule bound
the complex with the continuum wave functions in the d
sociative products. The second is the correlation propose
Miller2 between the predissociation lifetime and the squ
of the vibrational frequency shift~see LeRoy4 for a theoreti-
cal justification!. Even though these criteria generally ho
not every case follows these rules since every specie
unique in its own way. Indeed, ‘‘resonant’’ predissociati
pathways have been demonstrated to be an important fa
in the predissociation process, and they are the rule, ra
than the exception in determining predissociation rates,
pecially for small complexes.3 As the size of the molecule
increases, more and more vibrational and rotational chan
become open and it is possible that a more statistical tr
ment will emerge for the rationalization of predissociati
lifetimes and the prediction of fragment energy distributio
This would be welcome since it is precisely for the larg
complexes that a detailed state-by-state theoretical treatm
becomes impractical if not impossible with present metho
One way to shed new light on this subject is by changing
size of one or both monomers with minimal change in

a!Present address: Institute of Atomic and Molecular Sciences Acade
Sinica, P.O. Box 23-166, Taipei, Taiwan 10764.
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force that binds them together and then observe the resu
change in the structure and the predissociation dynamic
the modified complex.

In the present work, we exploit the above strategy as
replace twice one of the two moieties in the HCN–HCC
complex with a chemically similar molecule, without chan
ing substantially the strength or angular dependence of
intermolecular hydrogen bond. The HCN–HCCH compl
was studied by Blocket al.5 Two structural isomers were
observed, both of which are hydrogen bonded. One is lin
with a CH of HCCH bonded to the N of HCN while the othe
is T-shaped with the CH of HCN bonded to thep electrons
of HCCH. In order to study complexes similar to HCN
HCCH, we replaced first the HCN moiety by cyanoace
lene, HC3N, to form the HC3N–HCCH complex; then, the
HCCH moiety was replaced by diacetylene, C4H2, to form
the HCN–C4H2 complex. The IR spectra of HC3N and C4H2
have been previously studied in detail6,7 and their structures
and vibrational frequencies are known with high accura
allowing us to determine precise spectral shifts produced
complexation. The spectra obtained for each of the new c
plexes indicate a linear configuration which we compare
the linear isomer of HCN–HCCH.

This paper is organized as follows: First we give a br
description of the experimental apparatus and techniq
Second, the spectra obtained for both the HC3N–HCCH and
HCN–C4H2 complexes will be presented and analyze
These results will then be compared to those obtained
Miller et al. for the HCN–HCCH complex. Finally, the mai
conclusions will be summarized.

II. EXPERIMENT

Both HC3N and C4H2 were prepared in our laboratory
The HC3N sample was synthesized by heating HC3ONH2
and P2O5 together with clean white sand as a he
conductor.8 No obvious impurities were found in the fina
product when analyzed by means of FTIR spectrosco
C4H2 was prepared by the dehydrochlorination of 1,
dichloro-2-butyne with aqueous potassium hydroxide.8 The
ia
10725)/10725/9/$10.00 © 1996 American Institute of Physics
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10726 Yang et al.: Spectroscopy of HCCCN–HCCH and HCN–HCCCCH
diacetylene evolved was then dried over calcium chlor
and collected in a liquid nitrogen trap. Again no substan
impurity was found in the sample.

High resolution IR spectra were obtained for the ti
complexes by the optothermal technique as described in
10. The apparatus has been described in detail previous11

The HC3N–C2H2 complex was produced in a superson
beam by expanding a mixture with volume concentrations
0.5% HC3N and 2% C2H2 by volume in He through a 50mm
pinhole at a stagnation pressure of about 4 atm~400 kPa!.
The HCN–C4H2 complex was prepared in a similar way b
expanding a mixture of 0.5% HCN and 1% C4H2 in He.
After the expansion, the molecular beam is collimated b
skimmer and detected by a bolometer~IR Laboratories! op-
erating at 1.5 K. The spectral lines of the dimers were
served as a decrease in the energy hitting the bolom
indicating that the complexes dissociate upon vibrational
citation. Radiation was generated by a computer contro
color center laser. The output power of the laser in the 3mm
region was normally about 20 mW. The IR laser radiati
crossed the molecular beam multiple times through a mu
pass cell made of two parallel gold-coated mirrors. The sp
tral resolution of the apparatus was about 10 MHz full-wid
at half-maximum. This arose from the Doppler shifts caus
by changes in the laser-beam crossing angle due to s
misalignment of the multipass cell mirrors. The absolute
ser frequency was calibrated by means of acetylene abs
tion lines in a gas cell at room temperature. The calibrat
uncertainties are of the order of 0.001 cm21 ~which is mainly
caused by the uncertainties in determining the center of
absorption lines!. The laser frequency was monitored by tw
scanning e´talons~one with a 7.5 GHz and the other with
150 MHz free spectral range!. The latter was used to provid
relative frequency spacing. The laser was mechanic
chopped at about 280 Hz. Typical scan speeds were in
range of 1–2 cm21 per h.

III. RESULTS AND ANALYSIS

A. HC3N–HCCH

Two vibrational bands were observed in the molecu
beam produced by expanding the mixture of HC3N and

FIG. 1. Then2 band of the HC3N–HCCH complex.
J. Chem. Phys., Vol. 105, N
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HCCH in He. One is centered at 3326.142 cm21 ~Fig. 1!, and
the other at 3263.313 cm21 ~Fig. 2!. Fits of the rovibrational
transitions to Eq.~1! gave almost identical ground state r
tational constants~B9!, implying that they derive from the
same isomer. Neither of these spectra contains aQ branch
nor resolvedK structure, indicatingS–S transitions of a
linear molecule. An extra small peak was observed in the
betweenP~1! and R~0! of the second band. This peak
assigned to hot band. No perturbations are evident in ei
band. The band observed at 3326.142 cm21 is only slightly
~21.23 cm21! shifted from the C–H fundamental of th
HC3N monomer and has instrumentally limited line shap
Therefore, it is assigned to the ‘‘free’’ C–H stretching of th
HC3N unit in a linear HC3N–HCCH complex. The band a
3263.313 cm21 is much more red~towards lower wave num-
ber! shifted and displays lifetime broadened lines. It is a
signed to the hydrogen bonded C–H stretch vibration of
HCCH unit. The fact that the frequency shift and the pred
sociation lifetime of this band are similar to the correspon
ing band of the linear HCN–HCCH complex supports th
assignment. No T-shaped HC3N–HCCH complex has been
observed. However, owing to the much larger partition fun
tion expected for such an asymmetric top, our sensitivity
detection of this conformer would be much lower. Accordi
to the normal mode labeling convention, we can assign
first band~centered at 3326.142 cm21! to then2 fundamental
band, the second band~centered at 3263.313 cm21! to then3

FIG. 2. Then3 band of the HC3N–HCCH complex.

TABLE I. Molecular constants obtained for the HC3N–HCCH complex.a

Free C–H
stretch bandn2

H-bond C–H
stretch bandn3

n0 3 326.142 39~4! 3 263.312 88~13!
B9 0.023 408 4~27! 0.023 389 0~92!
DB5B82B9 25.53~22!31026 22.53~13!31026

D95D8 5.02~50!31028 21.16~2.38!31028

stand. dev. 1.731024 5.031024

Fit to ground state combination differences
B9 0.023 408 8~27! 0.023 387 5~135!
D9 5.16~57!31028 22.4~4.6!31028

aAll units are in cm21.
o. 24, 22 December 1996
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10727Yang et al.: Spectroscopy of HCCCN–HCCH and HCN–HCCCCH
band. Then1 vibration should be the free C–H stretch of th
HCCH unit, which was not observed in this experiment.

The rotational assignment of both bands was straight
ward. Transition wave numbers were fit to a standard lin
molecular model,

nm5n01~2B91DB!m1~DB92DD !m2

22~2D91DD !m32DDm4, ~1!

wherem52J for the P branch, andm5J11 for the R
branch. The molecular constants obtained for these
bands are listed in Table I. We constrained the upper
lower state distortion constants to be equal~DD50! since
this difference was not statistically significant when th
were allowed to vary independently. The constantsB9 and
D9 where found to be highly correlated with a correlati
coefficient of ;0.9, while other correlations were sma
~,0.6!. All errors listed in the table are 1s statistical errors
predicted from the fits, assuming uncorrelated random err

TABLE II. Observed wave numbers and fitting residuals for then2 band
transitions of the HC3N–HCCH complex~all units in cm21!.

Assignment Obs Obs2Calc3104

P~19! 3 325.252 85 4.90
P~18! 3 325.298 80 23.70
P~17! 3 325.345 75 22.40
P~16! 3 325.392 62 22.40
P~15! 3 325.439 64 20.17
P~14! 3 325.486 47 20.33
P~13! 3 325.533 46 1.07
P~12! 3 325.580 32 1.11
P~11! 3 325.627 24 1.73
P~10! 3 325.673 95 0.22
P~9! 3 325.720 84 0.50
P~8! 3 325.767 77 1.18
P~7! 3 325.814 61 0.97
P~6! 3 325.861 47 1.00
P~5! 3 325.908 41 1.86
P~4! 3 325.955 01 20.63
P~3! 3 326.001 61 23.06
P~2! 3 326.048 55 22.01
P~1! 3 326.095 18 23.97
R~1! 3 326.236 00 0.07
R~2! 3 326.282 85 0.77
R~3! 3 326.329 63 0.92
R~4! 3 326.376 38 0.93
R~5! 3 326.423 10 0.81
R~6! 3 326.469 77 0.37
R~7! 3 326.516 42 20.07
R~8! 3 326.563 18 0.79
R~9! 3 326.609 75 20.02
R~10! 3 326.656 43 0.49
R~11! 3 326.703 02 0.35
R~12! 3 326.749 52 20.43
R~13! 3 326.796 05 20.66
R~14! 3 326.842 62 20.19
R~15! 3 326.889 17 0.36
R~16! 3 326.935 49 21.09
R~17! 3 326.982 00 20.31
R~18! 3 327.028 43 20.01
R~19! 3 327.074 80 0.03
R~20! 3 327.121 19 0.62
J. Chem. Phys., Vol. 105, N
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The estimated uncertainty for the band centers is of the o
of 0.001 cm21, due to the limitations of our calibration pro
cedure. All observed wave numbers and the fitting residu
for both then2 band and then3 band are listed in Tables I
and III, respectively. In Fig. 2 one can see that theP~3!
transition of then3 band is substantially higher than it
neighboring transitions. This is likely due to an overlappi
Q branch of a hot band.

The centrifugal distortion constants determined for t
two bands are in poor agreement, though the error for
hydrogen bonded fundamental has a large error bar. Fit
the ground state combination difference also yielded inc
sistent ground state distortion constants. We believe th
constants arise from systematic errors in the calibration
our spectra and thus do not have any physical significan
Based upon the hydrogen bonding force constant of 0.
mdyn/Å ~4.6 N/m! reported by Blocket al.5 for HCN–
HCCH, we can predict that the distortion constant of t
ground state of HC3N–HCCH should be 231028 cm21.

The observed transitions of the hydrogen bondedn3 band
show evidence of line broadening which is believed due
predissociation of the complex. From a Voigt profile fit

TABLE III. Observed wave numbers and fitting residuals for then3 band
transitions of the HC3N–HCCH complex~all units in cm21!.

Assignment Obs Obs2Calc3104

P~21! 3 262.319 16 23.15
P~20! 3 262.367 32 20.05
P~19! 3 262.415 35 2.31
P~18! 3 262.462 90 0.43
P~17! 3 262.510 98 4.41
P~16! 3 262.558 30 1.34
P~15! 3 262.605 81 7.29
P~14! 3 262.652 95 23.04
P~13! 3 262.700 44 22.76
P~12! 3 262.747 69 24.34
P~11! 3 262.795 12 23.58
P~10! 3 262.842 61 21.68
P~9! 3 262.889 77 22.55
P~8! 3 262.939 67 24.5
P~7! 3 262.983 92 24.39
P~6! 3 263.031 30 21.47
P~5! 3 263.078 08 24.03
P~4! 3 263.125 35 21.16
P~3! 3 263.172 19 22.08
P~2! 3 263.219 21 20.68
P~1! 3 263.266 09 20.17
R~0! 3 263.359 89 2.77
R~1! 3 263.406 09 22.00
R~2! 3 263.452 83 28.66
R~3! 3 263.499 37 21.24
R~4! 3 263.546 03 0.09
R~5! 3 263.592 34 21.59
R~6! 3 263.639 12 1.91
R~7! 3 263.685 54 2.31
R~8! 3 263.731 73 0.89
R~9! 3 263.778 00 0.75
R~10! 3 263.824 18 0.19
R~11! 3 263.870 31 20.39
R~12! 3 263.916 49 0.00
R~13! 3 263.962 44 21.44
o. 24, 22 December 1996
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10728 Yang et al.: Spectroscopy of HCCCN–HCCH and HCN–HCCCCH
theR~12! line shape~Fig. 3!, using a Gaussian component
10 MHz ~see below!, the Lorentzian full width is determined
to be 49.6~5! MHz, corresponding to a predissociation life
time of 3.21~3! ns for thev351 state. No rotational depen
dence of the predissociation lifetime was found. For the f
C–H stretch bandn2, the linewidths are instrument-limite
to about 10 MHz, indicating the Lorentzian linewidth of
few MHz or less, as pointed out by placing the lower lim
for the predissociation lifetime to about 100 ns. Since
phase of the observed signal for this band is opposite to
of the monomer HC3N transitions, one can conclude that th
upper state of then2 band of the complex predissociates b
fore reaching the detector, about 100ms. Therefore the pre
dissociation lifetime of thev251 state is in between 100 n
and 100ms.

B. HCN–C4H2

Two vibrational bands have been observed in the exp
sion of the mixture of HCN and C4H2 in He. The first band is
centered at 3309.76 cm21 ~Fig. 4!. The extra lines observe
in the spectrum derive from the~HCN!2 n1 band,

10 and were
used in the calibration of the spectrum. The second ban

FIG. 3. The observed and the fitted~Voigt! line shapes of theR~9! transition
of the n3 band of HC3N–HCCH. A Gaussian component of 10 MHz wa
used in the Voigt profile fitting. The predissociation linewidth was det
mined to be 49.6~5! MHz.

FIG. 4. Then2 band of the HCN–C4H2 complex. Peaks marked with• are
~HCN!2 n1 band transitions which were used to calibrate this spectrum.
J. Chem. Phys., Vol. 105, N
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centered at 3283.888 cm21 ~Fig. 5!. The B9 constants ob-
tained from fits to the two bands are the same within fitti
uncertainty, indicating that these two bands belong to
same complex. NoQ branch norK structure is observed in
either band, implyingS–S transitions of a linear molecule
Comparing these results with those of the linear comple
of HCN–HCCH and HC3N–HCCH, the first band is as
signed to the ‘‘free’’ C–H stretch~n2! of the HCN unit, the
second to the hydrogen bonded C–H stretch~n3! of the C4H2
unit of the HCN– complex. Then1 vibration is the ‘‘free’’
C–H stretch of the C4H2 unit, which is not observed in this
C4H2 experiment. These assignments are also consistent
the predissociation linewidths observed for both bands. L
the previous case, the distortion constants returned from
fits are believed to be a reflection of errors in the frequen
calibration of the spectrum. Based upon the HCN–HCC
force constant, we predict a value of 1.931028 cm21 for D9.

Bands were fit by the formula given in Eq.~1!. No per-
turbation has been observed in then2 band. The molecular
constants obtained are listed in Table IV. The observed w
numbers and the fitting residuals are listed in Table V. F
then3 band, a local resonance near theJ8520 level has been
observed. BothP~21! andR~19! are nearly missing from the
spectrum~see Fig. 5!, indicating the ‘‘dark’’ state has a much
faster predissociation rate than the bright state. The inte
ties of the lines near the resonance are significantly p
turbed. When fit to Eq.~1!, the residual~fit 1 in Table VI!

-

FIG. 5. Then3 band of the HCN–C4H2 complex, exhibits strong local reso
nance around theJ8520 level.

TABLE IV. Molecular constants obtained for the HCN–C4H2 complex.
a

Free C–H stretch
bandn2

H-bonded C–H
stretch bandn3

n0 3 309.759 755~17! 3 283.888 19~5!
B9 0.022 949 3~11! 0.022 956 1~24!
DB5B82B9 21.082~10!31025 21.23~8!31025

D85D9 21.20~21!31028

stand. dev. 0.6531024 1.731024

Fit to ground state combinationn differences
B9 0.022 948 4~12! 0.022 957 9~25!
D9 21.45~26!31028 20.64~48!31028

aAll units are in cm21.
o. 24, 22 December 1996
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10729Yang et al.: Spectroscopy of HCCCN–HCCH and HCN–HCCCCH
reaches a maximum near the perturbation as shown in Fi
The molecular constants listed in Table IV for this band
obtained from a fit~fit 2 in Table VI! that excluded transi-
tions near the perturbation. Since no splittings near the
turbation have been observed, molecular constants for
perturbing level cannot be determined. However, a two le
model has been used to simulate the perturbed spectru
order to get some information on the perturbation. The m
lecular constants of thev351 state~Table IV! and the esti-
mated constants for the dark states were used in the sim
tion. The simple two level model used here can be descri
by a 232 matrix,

SE1 W
W E2

D ,
whereEi is equal ton01BiJ(J11), andW is the interaction
matrix element. Linewidths for spectral transitions were c
culated by a weighted average of the widths for the bri
and dark states. A linewidth of 27.7 MHz was used for t

TABLE V. Observed wave numbers and fitting residuals for then2 band
transitions of the HCN–C4H2 complex~all units in cm21!.

Assignment Obs Obs2Calc3104

P~21! 3 308.790 96 20.70
P~20! 3 308.837 31 20.28
P~19! 3 308.883 68 20.32
P~18! 3 308.929 87 1.16
P~17! 3 308.976 26 0.36
P~16! 3 309.022 63 20.49
P~15! 3 309.068 75 0.89
P~14! 3 309.114 95 1.22
P~13! 3 309.161 19 0.88
P~12! 3 309.207 49 20.31
P~11! 3 309.253 66 20.45
P~10! 3 309.299 82 20.74
P~9! 3 309.345 96 21.07
P~8! 3 309.392 04 21.05
P~7! 3 309.438 09 20.96
P~6! 3 309.484 03 21.56
P~5! 3 309.530 01 0.30
P~4! 3 309.576 04 20.12
P~3! 3 309.622 01 20.17
P~2! 3 309.667 89 0.46
P~1! 3 309.713 77 0.87
R~1! 3 309.851 49 20.02
R~2! 3 309.897 31 0.13
R~3! 3 309.943 07 0.67
R~4! 3 309.988 84 0.90
R~5! 3 310.034 70 0.03
R~6! 3 310.080 44 0.16
R~7! 3 310.126 24 20.50
R~8! 3 310.171 91 20.06
R~9! 3 310.217 57 0.30
R~10! 3 310.263 27 0.06
R~11! 3 310.308 95 20.16
R~12! 3 310.354 63 20.57
R~13! 3 310.400 29 20.95
R~14! 3 310.445 85 20.50
R~15! 3 310.491 41 20.23
R~16! 3 310.536 91 0.47
R~17! 3 310.582 43 0.80
J. Chem. Phys., Vol. 105, N
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bright state transitions~obtained from the linewidth measure
ments far from the crossing!, while the linewidth of the dark
state transition was assumed to be 500 MHz~estimated
roughly from the intensity changes due to perturbation in
spectrum!, which corresponds to a predissociation lifetime
315 ps. Figure 7 shows the comparison of the simulateR
branch and the observedR branch of then3 band. The rota-

TABLE VI. Observed wave numbers and fitting residuals for then3 band
transitions of the HCN–C4H2 complex~all units in cm21!.

Assignment Obs
Obs2Calc3104

~fit 1!
Obs2Calc310

~fit 2!

P~26! 3 282.683 25 28.18
P~25! 3 282.729 93 28.76
P~24! 3 282.776 47 210.4
P~23! 3 282.822 70 214.8
P~22! 3 282.868 71 221.1
P~20! 3 282.967 37 33.6
P~19! 3 283.012 74 21.9
P~18! 3 283.058 58 15.2
P~17! 3 283.104 52 9.77
P~16! 3 283.150 79 8.01
P~15! 3 283.196 88 4.77
P~14! 3 283.243 15 3.65
P~13! 3 283.289 38 2.46
P~12! 3 283.335 60 1.49 20.29
P~11! 3 283.381 77 0.35 20.41
P~10! 3 283.427 95 20.37 20.18
P~9! 3 283.474 17 20.37 0.67
P~8! 3 283.520 24 21.5 0.30
P~7! 3 283.566 29 22.59 0.03
P~6! 3 283.612 42 22.52 0.07
P~5! 3 283.658 11 26.52 22.78
P~4! 3 283.704 47 23.50 0.72
P~3! 3 283.750 46 23.86 0.76
P~2! 3 283.796 20 26.39 21.45
P~1! 3 283.842 54 22.59 2.58
R~0! 3 283.934 43 21.94 3.48
R~1! 3 283.979 88 26.07 20.65
R~2! 3 284.025 96 23.59 21.76
R~3! 3 284.071 23 28.87 23.68
R~4! 3 284.117 26 26.24 21.28
R~5! 3 284.163 02 25.98 21.33
R~6! 3 284.208 84 24.80 20.54
R~7! 3 284.254 56 24.29 20.50
R~8! 3 284.300 30 23.26 20.02
R~9! 3 284.346 05 21.80 0.81
R~10! 3 284.391 75 20.53 0.14
R~11! 3 284.437 55 2.08
R~12! 3 284.483 19 3.40
R~13! 3 284.528 82 4.95
R~14! 3 284.574 44 6.72
R~15! 3 284.620 19 10.1
R~16! 3 284.665 86 13.0
R~17! 3 284.711 99 20.9
R~18! 3 284.758 14 29.3
R~20! 3 284.843 36 223.8
R~21! 3 284.889 69 212.7
R~22! 3 284.935 11 210.3
R~23! 3 284.980 71 25.85
R~24! 3 285.026 12 22.94
R~25! 3 285.071 31 21.90
R~26! 3 285.116 72 1.66
R~27! 3 285.162 10 5.24
o. 24, 22 December 1996
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10730 Yang et al.: Spectroscopy of HCCCN–HCCH and HCN–HCCCCH
tional temperature of the HCN–C4H2 complex in the mo-
lecular beam was assumed to be 6 K in thesimulation. The
molecular constants used for the dark state in the simula
are

n053283.813 cm21, ~2!

B50.023 133 cm21, ~3!

W50.0049 cm21, ~4!

wheren0 is the band center,B the rotational constants,W the
interaction matrix element. These numbers were chosen

FIG. 6. The plot of fitting residual vsJ8. The perturbation site~J8520!
shows the largest deviation from the linear molecule model.

FIG. 7. ~a! The observedR branch of then3 band of the HCN–C4H2 com-
plex. ~b! The simulatedR branch of then3 band of the HCN–C4H2 complex.
The parameters used in the simulation can be found in the text.
J. Chem. Phys., Vol. 105, N
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that the calculated perturbation site and the transition int
sities are close to the experimental observation. Since
perturbation is very local, the intensity analysis of the p
turbed lines and the simulation is insensitive to the type
the interaction~Coriolis interaction or Fermi resonance!. The
assignment of the ‘‘dark’’ state is not practical since most
the vibrational frequencies of the complex are not know
The rotational constant of the ‘‘dark’’ state, however,
larger than that of thev351 state, suggesting a state wi
bending excitation. We wish to stress that the above d
state constants are not unique, due to the lack of obse
transitions to levels with primarily dark state character.

Linewidths of the observed transitions were also o
tained, yielding information on predissociation of the o
served vibrational levels. Similar to the complex
HC3N–HCCH, then2 band for the HCN–C4H2 complex is
instrument limited, implying its predissociation linewidth
less than about 1 MHz, corresponding to a predissocia
lifetime longer than 100 ns. The phase of the signal impl
that the excited complex dissociates before reaching the
lometer detector, i.e., 100ms. The linewidths of then3 band
of the HCN–C4H2 complex, however, are not instrumen
limited. The predissociation linewidths can be determined
fitting the observed line shapes to a Voigt profile. By fittin
theR~12! transition to a Voigt profile with a Gaussian com
ponent of 10 MHz~typical instrument-limited width!, the
predissociation linewidth for this transition is determined
be 27.7~4! MHz ~see Fig. 8!, corresponding to a predissocia
tion lifetime of 5.75~8! ns.

C. Comparison with HCN–C 2H2

The rotational constants and vibrational frequency sh
yield information about the strength of intermolecular inte
actions. First we will consider the rotational constants, a
then we will consider the vibrational data. From the observ
rotational constants of the complexes and the rotational c
stants of the monomers, one can deduce the center of m
distance,Rcom, between the units if one assumes a rig

FIG. 8. The observed and the fitted~Voigt! line shapes of theR~12! transi-
tion of then3 band of HCN–C4H2. A Gaussian component of 10 MHz wa
used in the Voigt profile fitting. The predissociation linewidth was det
mined to be 27.7~4! MHz.
o. 24, 22 December 1996
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10731Yang et al.: Spectroscopy of HCCCN–HCCH and HCN–HCCCCH
structure. This givesRcom55.876 Å for the HC3N–HCCH
complex andRcom55.941 Å for the HCN–C4H2 complex.
We do not report an error estimate since this will be dom
nated by the assumption of a rigid structure. Using stand
bond lengths,13 we can estimate the N–H hydrogen bo
length from theseRcom values as 2.33 and 2.34 Å fo
HC3N–HCCH and HCN–C4H2, respectively. This can be
compared to the value 2.345 Å calculated by Blocket al. for
the linear HCN–HCCH complex.5 The agreement is bette
than expected, given the approximations involved, but sh
that the hydrogen bonds are of very similar character for
three systems. From the ground state centrifugal distor
constants, one can also in principle estimate the force c
stant for the hydrogen bond, but as discussed earlier thes
too small in the present case to be determined given
frequency calibration of our spectrometer.

It is interesting to note thatDB is negative for the exci-
tation of the hydrogen bonded CH, opposite to the posit
value typically observed for hydrogen bonding stretches s
as in the case of the HCN dimer,12 but the same sign as fo
linear HCN–HCCH.5 The positive value forDB is usually
interpreted as due to a shortening of the hydrogen bond
distance, which is increased in strength by the red shift
physical model for the decrease in the rotational constan
the excited state, despite the stronger hydrogen bond is
with a stronger bond, one will have a reduced bending a
plitude that can lead to an increase in the center of m
separation of the two monomers.14

Let us now compare the van der Waals interactions
these three analogous complexes as they are reflected b
predissociation lifetimes and the red shifts of the hydrog
bonded C–H stretching fundamentals. The analysis of
vibrational frequency shifts for the complexes is complica
by the symmetry lowering of the acetylene and diacetyle
units in the three systems. The complexation with the cya
bearing moiety shifts the frequency of the C–H stretch
bands~reflecting the deepening of the intermolecular w
with intramolecular excitation!. Simply measuring the shif
in the absorption from the asymmetric C–H stretch of
isolated molecule ignores the fact that excitation is no lon
purely an asymmetric stretch. We have estimated the lo
C–H stretch red shift by solving the energy level matrix f
free C2H2,

S nCH W
W nCH

D ~5!

to obtain the known eigenvaluesn1~3372.85 cm21! @Ref.
15~a!# and the ‘‘deperturbed’’ value forn3~3288.58
cm21!.15~b! The n3 fundamental of the acetylene monomer
in a strong anharmonic resonance with the leveln21n41n5.
However, we expect the complex induced shift of t
n21n41n5 to be much less than for then3 mode and the
resonance to be much less important. If we assume no
for then21n41n5 level and the same anharmonic interacti
matrix element in the complex as for the monomer,n3 is
predicted to be red shifted by;0.6 cm21, which is small
enough that it can be neglected compared to other sourc
error in our approximations. This procedure yields a ‘‘pur
J. Chem. Phys., Vol. 105, N
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C–H stretching frequency,nCH~3330.72 cm21! and an inter-
action matrix element,W~42.13 cm21!. The complex in-
duced red shift can then be considered to affect the hydro
bonded C–H stretch and not the free stretch, so that the
energy level matrix could be represented as

S nC–H2d W
W nC–H

D , ~6!

whered is the hydrogen bond induced red shift in cm21. One
of the eigenvalues of the matrix is known~i.e., the band
center for the complex!, so if we assume the interaction ma
trix element to remain unchanged, then the magnitude of
frequency shift,d, can be calculated. Similar calculations c
also be done for the HCN–C4H2 complex. Table VII gives
the results of this analysis. It is seen that unlike the cru
shifts ~measured from the antisymmetric acetylenic C
mode of the monomers! our estimated red shift values ar
quite close. A similar analysis has been used by Fraser
co-workers in the study of the complexes of C2H2 and C4H2
with ammonia.16

The strong similarity of the red shifts for the three com
plexes appears to confirm the initial assertion that the e
tronic interaction is similar for the three complexes. Ho
ever, the largest shift, for HCN–C4H2, is combined with the
longest lifetime. This ‘‘discrepancy’’ is interesting in that
may elucidate the factors which may be responsible for
scatter in the correlation plot of Miller.2

Standard arguments regarding the qualitative dep
dence of the predissociation lifetimes for related comple
on the structures of the constituent monomers fail to prope
account for the trend noted in our data, and in fact, many
these arguments predict an opposite trend. The mono
substitutions carried out in this study increase the numbe
vibrational modes for the van der Waals complexes from
modes for the linear HCN–HCCH complex to 22 modes
the two modified complexes. Thus although then3 excitation
occurs at very similar energies for the three complexes,
would expect the HC3N and C4H2 complexes to have more
rovibrational exit channels available for predissociation.
comparison of the number of predissociation channels al
fails to consider the fact that not all channels will be equa
effective in promoting predissociation of the excited co
plexes, yet it suggests a pattern of stability contrary to

TABLE VII. Comparison of the vibrational frequency shifts and prediss
ciation linewidths of then2 and the n3 bands of the HCN–HCCH,
HC3N–HCCH, HCN–C4H2 complexes.

Complex

Frequency shifts~cm21! Predissociation
linewidth ~MHz!

n3n2 n3
a n3

b

HCN–HCCH 1.226 24.6 40.1 140
HC3N–HCCH 1.232 25.3 41.0 50
HCH–HCCCCH 1.731 49.8 49.0 28

aFrequency shift from the antisymmetric C–H stretching of HCCH,
C4H2.
bResonance corrected shift~see text!. For the HCN–HCCH complex the
band center given by Blocket al. in Ref. 6 has been used.
o. 24, 22 December 1996
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10732 Yang et al.: Spectroscopy of HCCCN–HCCH and HCN–HCCCCH
experimental result which finds the substituted comple
more metastable than the original HCN–HCCN syste
Clearly, there are other factors at work here.

In a previous comparison from this laboratory of t
predissociation dynamics of~HCN!2 and ~HC3N!2, Yang
et al.17 made use of the concept of vibrational predissoc
tion as ‘‘a half-collision’’ process by referring to a vibra
tional energy transfer theory~SSH theory!18 originally devel-
oped by Schwartz, Slawsky, and Herzfeld for application
molecular collisions. This theory can also be applied to
present systems. In order to compare the three systems in
work, there are two major factors that have to be conside
First, we have to consider the coupling strengths for the th
systems between the vibration and the predissociation c
dinate. From the experimental data here it is well establis
that the coupling strengths, as measured by the red shifts
similar, and the variation predicts the wrong variation
linewidth. Another important factor in the SSH theory is t
reduced mass of the two colliding partners~in this case the
reduced mass of the two fragments!. In the case of vibration-
to-translation energy transfer, it is well known that the vib
tional de-excitation probability will decrease if the reduc
mass of the two collisional partners increases according
the SSH theory. The presumption of this argument is that
three systems have similar interaction potentials, which
true in the present situation, at least near the equilibri
geometry. It also presumes that the fragments leave with
same translational energy, which is harder to justify giv
the importance of nearly resonant dissociation chann
Nevertheless, SSH theory predicts that the system with lo
reduced mass should have a shorter predissociation lifet
The reduced mass for the two fragments increases f
13.25~HCN–HCCH! to 17.22~HC3N–HCCH! to 17.53 amu
~HCN–C4H2! as we go down the series. This rationalizes
shorter lifetime of the HCN–HCCH complex, but does n
explain the factor of 2 difference between HC3N–HCCH and
HCN–C4H2.

The dissimilarity in size of the interacting monome
may be another contributing factor to the anomalous res
In the dissociation of a diatomic species yielding fragme
of disparate masses, conservation of energy and momen
dictates that the light mass will carry away most of the e
ergy released in the dissociative process. In the analog
dissociation of the largeI -small I dimer, the smallI frag-
ment has to assume most of the rotational energy, assum
one can neglect both the relative orbital angular moment
the two departing monomers and the initial rotational angu
momentum of the complex. This restriction will leave few
open dissociation channels for systems of disparate mom
of inertia. Again, this argument rationalizes the shorter li
time for the HCN–HCCH complex, but not the differenc
between the two heavier complexes.

Data for a doubly substituted HC3N–C4H2 complex
would help to assess the validity of these arguments, for
would expect a similar red shift to be accompanied by slow
predissociation~i.e., longer lifetimes! as predicted by the re
duced mass effect, or faster predissociation~i.e., shorter life-
times! by the momentum imbalance effect. Despite extens
J. Chem. Phys., Vol. 105, N
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searching, we only observed one very broad cluster p
when we attempted to observe this complex with the curr
apparatus. If this feature is in fact due to the line
HC3N–C4H2 heterodimer, one would have to conclude th
its lifetime is short and that the momentum imbalance fac
dominates over the reduced mass effect. In the absenc
further experimental data, model calculations of the pred
sociation dynamics could be carried out to confirm or co
tradict our tentative explanation. In fact, the systems d
cussed here appear to be a good case for theoretical treat
since uncertainties in the interactions should affect the r
tive values of the lifetimes less than their absolute value

An interesting question concerns why we did not o
serve the ‘‘nonbonded’’ CH stretching mode of C2H2 or
C4H2 in the complexes. While this mode will correlate wit
the IR inactive symmetric stretch in the free molecule, t
asymmetry produced by the differential shift will lead
extensive localization of the vibrational excitation on t
outer CH stretching coordinate. Using the model discus
above for C2H2, the observed shift implies thatn1 has about
1.6 times more ‘‘free CH’’ motion, than ‘‘bounded CH’
motion. If the dipole derivatives of the two ends were t
same, this would predict thatn1 would have about 40% o
the integrated intensity ofn3. Given that we would expect i
to be narrower, we should have detectedn1 if it was this
strong. However, we expect the dipole derivative for t
‘‘bound’’ CH stretch to be enhanced, 2 to 3 times, by hydr
gen bonding. In this case, the larger derivative can eff
tively counter the vibrational asymmetry, leading then1 in-
tensity to be zero for a dipole enhancement of 1.6, and to
17 times weaker thann3 even for a dipole enhancement of
Thus, our failure to observe the ‘‘free CH’’n1 band in
HC3N–HC2H and Miller’s failure to observe the same ban
in HCN–HCCH can be rationalized. It is harder to unde
stand why then1 band is not observed for the HCN–HC4H
complex. Here the mixing of the ‘‘free’’ and ‘‘bound’’ CH
stretch of C4H2 is only a few percent, and we would expe
the n1 to have an intensity similar to then3, the unbound
H–C stretch of HCN.

Finally it is noteworthy that both complexes studied
this experiment show no sign of the T-shaped structure
spite that fact the T-shaped isomer is strongly favored in
molecular beam expansion of HCN–HCCH. One possi
reason for the absence of T-shaped isomers in our exp
ment is the very asymmetric top character of these spe
which disperses their spectra and gives rise to an unfavor
partition function and consequently low signal to noise rat
Further analysis of the potential energy surfaces for
C4H2–HCCH and HCN–C4H2 interactions may revea
whether or not the kinetics of dimer formation should
considered in explaining the absence of T-shaped dimers
one would expect here to be at least a local minimum for
potentials of the substituted complexes at the nonlinear c
figurations.

IV. CONCLUSIONS

Rotationally resolved infrared spectra of the line
HC3N–HCCH and HCN–C2H4 complexes have been pro
o. 24, 22 December 1996
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10733Yang et al.: Spectroscopy of HCCCN–HCCH and HCN–HCCCCH
duced using the molecular beam optothermal method. Thn2
andn3 bands of each complex were recorded and analyz
providing an accurate set of molecular constants for e
complex. The prediction linewidths were also explored
the n351 state of HC3N–HCCH and HCN–C4H2 and were
determined to be 50 and 28 MHz, respectively. The vib
tional frequency shifts and predissociation lifetimes of t
hydrogen bonded excitations of the complexes were c
pared with the corresponding quantities for HCN–HCC
While the complexes exhibited similar shifts forn3 excita-
tions, the associated lifetimes range from 1 to 5 ns. Te
tively, these findings were attributed to the increase in
reduced mass and the imbalance in the moments of inert
the fragments of the linear complexes.
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